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The clinical entity of endotoxin shock is of pertinent 
interest to the surgeon, because in spite of newer concepts 
of therapy, the mortality rate remains high. im fact,. the 
mortality rate has not changed significantly since the condition 
was first described fifty-five years ago. There is also 
convincing evidence that it is becoming more prevalent. 

Endotoxin shock is a complication of Gram-negative 
bacteraemia, which most frequently follows surgical procedures 
but may also arise in non-surgical practice. It is caused 
by the liberation of a lipoprotein-polysaccharide complex from 
the bacterial cell wall which directly or indirectly exerts 
a powerful sympathomimetic influence and may produce the 
circulatory changes associated with irreversible shock. 

The endotoxin-shocked man is not the most suitable subject 
for the study of this condition. The dog affords a convenient 
experimental model for the study of the mode of action of 
endotoxin and for the evaluation of proposed methods of 
treatment. 

In view of the species difference between man and dog, 
dissimilarities between the clinical picture and the 
experiment must be minimized to render the results capable 
of clinical interpretation. It was attempted therefore, 
to reproduce the manner of onset of endotoxaemia in man 
by slow infusion of endotoxin. Heretofore, the effects 
of experimental endotoxaemia were observed only in animals 


receiving endotoxin by rapid injection. 
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The almost universal use of anaesthesia in experimental 
endotoxin shock is another deviation from the clinical parallel, 
since the patient in endotoxin shock is usually unanaesthetized. 
Experiments were therefore conducted on unanaesthetized dogs 
and the results compared with those obtained under 
anaesthesia. 

Adrenergic blockade with phenoxybenzamine protects 
animals from the lethal effects of endotoxin when used 
before shock is induced, but it will not prevent irreversibility 
in established endotoxin shock. Phenoxybenzamine is reported 
to have a latent period of action before its full blockade 
is achieved. To eliminate delay in adrenergic blockade 
phentolamine, an adrenergic blocking agent of rapid onset, 
but short duration of action was used in addition. Dogs 
were treated only after the production of endotoxin shock. 

In addition to the usual observations on survival rate 
and survival time, the parameters studied included the arterial 
blood pressure, pulse pressure, central venous pressure, 
hind limb venous outflow, arterial pH, pCO, and HCO3 and 
urine output. 


Seventy two experiments were performed. 
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Shock associated with sepsis was described by Laennec as 
long ago as 1831. Boise reintroduced the subject into the 
literature in 1897 (3). The first to link shock with Gram- 
negative bacteremia was the German, Jacob, in 1909 (51). 
Perhaps as a result of the war which soon was to follow, 
probably because of the lack of adequate interchange of 
medical information between nations prior to the development 
of the sophisticated communications of today, and certainly 
due to the lack of funds for research in the decades following 
the First World War, the subject of septic shock received 
scant attention in the medical literature in the next forty 
years. 

The significance of vasoconstriction in shock was 
recognized in 1879 by Mapother when he observed that the 
most marked physical change caused by shock is contraction 
of the arterioles (61). 

In 1905 Malcolm (60) stated that contraction of the 
arteries and arterioles is known to occur as a consequence of 
every injury, and that shock is associated with an exaggeration 
of this response. According to him, ''a very severe degree of 
shock may be certainly brought about without any haemorrhage 
at all" through exaggerated constriction of vessels on the 
arterial side of the circulation. He urged that the treatment 
of shock be directed to "preventing the ill effects of local 
irritation, to relaxing the vessels as soon as possible, and 


to keeping up the blood pressure in the superficial vessels 
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until such time as a physiological relaxation takes place." 
Malcolm's ideas were well conceived, yet he was considered 

a rebel in his day, since according to teaching current at that 
time shock was caused by relaxation of the blood vessels 

in the splanchnic area, 

In 1919, Erlanger and his associates (17) found that in 
experimental shock produced by a variety of methods peripheral 
resistance invariably increased. 

Cannon (7) also recognized the deleterious nature of 
excessive vasoconstriction in shock at the expense of flow 
to tissues, when he wrote in 1923: "damming the blood in 
the arterial portion of the circulatory system when the 
organism is suffering primarily from a diminished quantity of 
blood, obviously does not improve the volume flow in the 
capillaries." 

Freeman and his associates (23) in 1938 demonstrated 
that elimination of sympathetic influence may be beneficial 
in severe haemorrhage. When normal dogs were bled to a 
level of 60 mm. Hg systolic pressure, after three and a half 
hours a spontaneous decline in blood pressure was observed. 
Reinfusion of the bled volume did not raise the blood pressure 
or the flow in the hind paw, and the dogs died. With sympath- 
ectomized dogs blood pressure could be kept below 60 mm. Hg 
for six hours. Reinfusion of the bled volume led to complete 
recovery. 


Since the sympathetic nervous system is regarded as one 
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of the major agencies through which the body maintains home- 
ostasis, it is difficult to envisage its action as deleterious. 
To this Nickerson (68) replies that "a system which prepares 
the animal for flight or fight, and which is geared to sustain 
skeletal muscle function at top efficiency, may not be as 
useful in the body's attempts to maintain a critical minimum 

of oxygenation of various tissues, following severe haemorrhage 
or trauma", 

Levy and his group (47) from their studies on traumatic 
shock, drew the conclusion that sympathetic discharge is 
protective during the initial assault, but it initiates 
processes detrimental to survival. 

Lillehei and his colleagues (54) ask why the vaso- 
constrictive response survived through evolution if it is 
harmful. Their answer is logical enough: the vasoconstrict- 
ive response is valuable when no treatment is available and 
it will, therefore, spare us problems of lesser trauma. It is 
no more than "Nature's first aid", useful until the doctor 
comes and administers treatment. 

Following World War II, the study of shock was carried 
aloft on a wave of fresh interest. Of particular interest 
were the studies of Zweifach and his colleagues (121) who 
looked to the capillary bed as the logical site for a study 
of shock involving a progressive deterioration and ultimate 
failure of the peripheral circulation. They showed that 
irreversibility to transfusion in haemorrhagic shock is 


associated with a hypo-reactive state in the capillary bed, 
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with pooling of trapped blood in some regions of the capillary 
network which were being bypassed by an active circulation 
elsewhere in the bed. 

Zweifach and his colleagues also showed that the reticulo- 
endothelial system (RES) was an important determinant of 
vascular behaviour in shock following trauma, endotoxin and 
haemorrhage in the experimental animal (119). Blockade of 
the RES with a large dose of colloid increased the suscept- 
ibility of the animal to the effects of trauma, endotoxin and 
haemorrhage. 

Stimulation of the RES with repeated injections of 
colloid, on the other hand, increased tolerance to shock. 
Zweifach and his group concluded that there was a basic 
identity in the shock reactions to trauma, endotoxin and 
haemorrhage, and that the lethal consequences of these 
insults are regularly associated with altered behaviour of 
the RES. 

Jarisch once said: "It is a source of regret that the 
measurement of flow is so much more difficult than the measure- 
ment of pressure" (46). Indeed, one of the truly important 
advances in our understanding and management of shock of 
various aetiologies was the shift of interest from the blood 
pressure level to the extent of flow in the tissues. It 
became increasingly evident that vasoconstriction, while 
maintaining the blood pressure and the functions of vital 


organs, also set in motion a sinister train of events, which, 
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if not checked in time, could lead to death of the animal. 
With decrease in flow due to vasoconstriction, the pressure 
relationships across the capillary beds are altered. This 
promotes loss of fluid from the intravascular compartment, 
with resultant decrease in plasma volume, which will then 
accelerate irreversibility. Thus, blood pressure has come 
to be regarded as a far less useful criterion of shock and a 
less valuable diagnostic aid (22,23,24,47,54,68,71,73,75,80, 
108,113). 

Zweifach (116) demonstrated that the micro-circulation 
showed two discrete phases of behaviour in response to both 
haemorrhage and trauma. Initially the small blood vessels 
go through a period of increased vasomotor activity, during 
which blood flow is restricted to the most central, direct 
channels. With this type of tissue perfusion aerobic metab- 
olism is still possible, and blood replacement will restore 
the circulation to normal. If, with the loss of blood, 
peripheral flow in many regions is reduced below the point 
where oxidative tissue metabolism can be carried out, or 
when hypotension persists for several hours, the relative 
autonomy of the terminal vascular bed becomes the dominant 
factor, and the initial phase of compensation is superseded 
by a decompensatory tendency. At this stage the terminal 
arterioles dilate, the precapillary sphincters open, while 
the small veins remain contracted. This is the micro- 
circulatory picture of irreversibility, which was mentioned 


briefly above in connection with Zweifach's earlier work. 
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Shorr and his collaborators (91) in 1951 claimed that the 
vasoactive principles VEM (vasoexcitor material) and VDM (vaso- 
depressor material) were the chief determinants of vascular 
behaviour in shock. Working with dogs and rabbits, they 
showed that VEM is elaborated by the kidney and is responsible 
for the heightened vasomotor activity during the compensatory 
phase of shock. Others ascribed this vascular behaviour to 
the discharge of adrenal corticosteroids, angiotonin, epin- 
ephrine and norepinephrine (116). The origin of VDM was 
shown by Shorr and his group to be in the liver, spleen and 
skeletal muscle. They believed that the cause of irrevers- 
ibility was increasing elaboration of VDM from these tissues, 
with concomitant depression of the mechanism which inactivates 
VDM. VDM was later identified as ferritin, the metabolism 
of which is particularly disturbed in the hypoxic liver in 
shock. 

Frank and his colleagues (21) showed that VDM is found 
in the blood only in association with anaesthesia or morphine. 
Since unanaesthetized and unsedated dogs were also liable to 
irreversible shock, these workers doubted that VDM can account 
for the development of irreversibility to transfusion in 
experimental haemorrhagic shock. 

Another theory of irreversibility to transfusion in 
shock was elaborated by Fine and his group in 1954 (18,43). 
The crucial event in shock, they claimed, was hypoxia of the 


bowel. The devitalized intestinal wall permitted bacteria, 
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chiefly E. coli, to pass from the lumen of the gut to the 
bloodstream with resultant bacteremia. That bacteremia was 

the cause of irreversibility was shown by the fact that animals 
pretreated with antibiotics were protected from a lethal 
outcome. 

Fine and his group demonstrated the presence of the toxic 
factor in the blood of an irreversibly shocked dog in the 
following way: when blood from such a donor was transfused 
into a normal recipient, nothing untoward developed. When, 
however, the recipient was a dog in reversible shock, the 
transfusion of shocked blood resulted inirreversibility (88). 

Hardy (36) and others (95) reproduced Fine's experiments 
carefully and found that pretreatment with antibiotics 
did not significantly affect mortality in haemorrhagic 
shock. 

Lillehei and MacLean (52) also found sterilization of 
the intestine with antibiotics to be of no value in 
haemorrhagic and endotoxin shock. 

Zweifach and his colleagues (120) also produced findings 
contradictory to Fine's when they showed that irreversible 
harmorrhagic shock can be produced in germfree rats in a 
bacteria-free environment. 

The importance of the intestine in the pathogenesis 
of irreversible shock, was however, further emphasized by 
Lillehei (48,50) when he showed that the lethal outcome 
of graded haemorrhage could be prevented by perfusion 


of the small intestine with arterial blood. Lillehei further 
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states that haemorrhagic necrosis of the intestine is res- 
ponsible for a large part of the loss of plasma volume and is 
a result of ischaemia during shock, In his view the intest- 
inal damage appears to be the cause of irreversible shock in 
the dog (51). 
Although there is a substantial support (119) for the 
identity of haemorrhagic, traumatic and endotoxin shock, 
it is likely that shock due to endotoxins and that due to 
haemorrhage or trauma, are identical only with regard to the 
final vasoactive elements involved (116) and the behaviour 
of the microcirculation in the visceral organs (54). 
Nevertheless, a brief review of changing concepts of 
the pathogenesis of shock and irreversibility is of value 
for the appreciation of circulatory and metabolic events in 


shock due to endotoxins. 
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Endotoxin shock, in spite of growing understanding of 
its pathogenesis and improvements in its treatment, continues 
to worry the surgeon, baffle the researcher and kill patients 
in hospital wards. 

Endotoxin shock, writes MacLean (59) is second only to 
myocardial infarction as the cause of shock in hospitalized 
patients. 

"It is disturbing" - writes Lillehei - "that our increasing 
knowledge of the mechanisms of endotoxin shock is not reflected 
in much improvement in the mortality rate of patients 
suffering from this condition". He states that the present 
mortality from shock associated with gram-negative bacteremia 
is over 50%, essentially unchanged in the half century since 
Jacob described the condition in 1909 (51). 

Spink (97) in another series, reports a mortality rate 
of over 70%, while Altemeier and Cole put it at 61% (3). 

Shubin and Weil (92) report 692 cases of bacteremia from 
1956 to 1960 at the Los Angeles County Hospital. Of this 
number 169 developed endotoxin shock, with a mortality rate 
of 82 per cent. 

Endotoxin shock has been defined (97) as a state of 
peripheral vascular collapse induced by a lipoprotein-poly- 
saccharide complex liberated from the cell wall of gram- 
negative bacilli, particularly the coliform group. Clein and 


Couves (10) reported that organisms cultured from infected 
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foci in endotoxin shock were as follows: E. coli, Staph. 
aureus, Ps. aeruginosa, Cl. welchii, Aer. aerogenes, Pr. 
vulgaris, Haemolytic streptococcus, Candida albicans. 
E. coli represented 35.5% of the total while Staph aureus 
accounted for 32.2%. 
Factors predisposing to endotoxin shock, in order of 
diminishing frequency are:- 
peritonitis 
genito-urinary instrumentation 
infected burns 
biliary surgery 
wound infection 
septic abortion 
extensive surgical procedures in 
debilitated patients. 
Sheriton and his group (90) point out that the diagnosis 
of gram-negative bacteremia must be considered in obscure 
post-operative hypotension. The urgency is great: death 
or complete recovery may depend on the adequacy of treatment 
in the first 24 hours. They also warn that transient bacter- 
emia must be borne in mind particularly after removal of an 
indwelling catheter. 
Shubin and Weil (92) report the onset of endotoxin shock 
an average of 16 hours after manipulation in urological 
practice. 


Nor is septic shock confined to surgical practice. It 


igsd2 .ifos .A : awolfo2z +4 sme tele a 

\#% jeonsgozas .x0A .iidolow .10 a P i 
sanigokdis abrbssd et 30g 

avenus dgaaz alld Isto ors 30 F€.26 & — 


to sobto ak .Aoorde- mixotobas 03 antec ail — a 
vagy acai 

ait inotizeq 

noltsisomsisant yrsaiiu-otiasg 

asxud bojostat 

yroyiva yisilid 

nokjosiat bavow 

no tsrods 9i3go2 

nk asuubgo0%q Isoigiue avians3x9 


eh 


-atasiisq beissilideb 
aksongsib sdj3 ts tuo tmiog (0) quo | 
sxusedo ak boxsbienos sd danm ssa d 4 ms * 
fdssb :3semg al yomoguy ont aa . dg 
snem3s933 20 yosupobs erly 10 baogeb se 
-sotosd Jootamsis isdi srw Pee ae ie P. oy 
me ko Lavoe: t9tts yiteluokixsq Bi i 


ls 7 a". p 4 Eon a ¢ 
agora nixodobus Zo Jeena ort Jroqor (SC) J 


ig 


may complicate malignancies, blood dyscrasias, diabetes 
mellitus, liver disease, or treatment with antibiotics, 
corticosteroids or antimetabolite drugs. Ruedy reports 43 
cases among non-surgical patients at the Montreal General Hos- 
pital during the 18 month period lst July, 1961 to 3lst Dec- 
ember, 1962 (92,94). 

Clinical endotoxin shock embodies the triad of a septic 
focus, fever and hypotension. The patient is usually over 
45 years of age. The condition commonly presents with chills, 
followed by a high fever of the order of 103-105 degrees F. 
The blood pressure may drop abruptly to low levels. The 
majority of patients with endotoxin shock are pale and 
cyanotic, with cold, moist skin, clouded sensorium, apathy 
and listlessness. Some patients, however, have a warm, dry 
skin, in spite of the profound hypotension. According to 
MacLean, this suggests that the syndrome of septic shock is 
not homogeneous and that different degrees of organ perfusion 
may be present in the two types of patient, or at different 
times in the same patient (57). 

The blood culture is usually positive in endotoxin shock, 
and there is marked leucocytosis. Metabolic acidosis is 
usually present. Oliguria or anuria complicates the picture. 

In the majority of cases endotoxin shock is refractory 


to conventional methods of treatment usually applied to shock. 
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Endotoxins. 

According to Rosen (81) endotoxin is associated with 
the cell wall of gram-negative bacteria of the colonially 
smooth variety. Endotoxin is a generic term, it does not 
designate a simple, specific, chemically homogeneous substance, 
Endotoxins exert similar effects, regardless of the bacterial 
species from which they are derived. They can be distinguished 
from each other by their antigenic specificity which is due 


to the polysaccharide moiety. 


Mode of action of endotoxin. 

There is a considerable volume of experimental 
evidence suggesting that gram-negative bacteria cause their 
lethal effects by means of the ability of their endotoxin 
to act as a potent sympathomimetic substance or by sensit- 
izing the animal to levels of endogenous sympathomimetic 
agents which are ordinarily not toxic (28,52). 

Thomas (98) quotes Delaunay's experiments with 
rabbits in which, 15 minutes after intravenous endotoxin 
administration intense arteriolar constriction developed, 
interrupted by brief periods of arteriolar dilatation. 

When shock-producing doses were given to rabbits, the phase 
of constriction was followed terminally by one of extreme 
arteriolar dilatation, slowing and stasis of the capillary 
flow. From these findings Thomas inferred that the systemic 
effects of endotoxin are associated with a generalized 


Sympathomimetic response. 


fisziw bessiooaes at tiitotobue (£8). ‘agaofl oF O° 

¢lisiaeloa sit to siotosd oviiagan-meEg ao £1 

jon 396b ji .orros olveseg 8 at akxotobal  . qiek: = f 40 
.sofpiedue avootogosion yiisoinedo otitooga oigate 8 9386 


Infxsjoad ot to aaslivage: .stosiis wlimia ee 2si.Lxo3Ob 
bedeiugaiseib od aso yorlt .beviaeb os ysds lokclw am ne 
opb af dotdw ystolifosqe ofnegisas afield ud aan 28! 


aixoiobria «tkeda to yaitids sit to-ansenr yd. ame 
~iiensea yd xo sonBtJedue eianessy a 39! 
ofsemimorssgqaye.avonogobns io alovel OF; = 
~(S¢,.88)goixod Jog ghtundibre & 

dtiw edtomzeqxs a' yenunlod asdoup (88 PI 
nixodobno evossvsxink s93is ast urtiet Pe; 
-begolsvsh noitoiztenoo calgle 3 ae 


aolisselib rslolxed3s to eboixeg Sots | 


8 Lith permet 
i 


S 
' 
e 


Thomas quotes other reasons for suspecting that epinephrine, 
or a substance like it, may be implicated in the reaction to 
endotoxin: 

- both endotoxin and epinephrine produce 

a) hyperglycaemia, followed by hypoglycaemia 

b) depletion of liver glycogen 

c) elevation of blood lactic and pyruvic 
acid levels 

d) Leucocytosis 

e) petechial haemorrhages and focal necroses 
in the upper G-I tract, mesenteric 
nodes, spleen and liver. 

In his own experiments Thomas demonstrated extensive 
lesions of haemorrhagic necrosis when epinephrine was injected 
into rabbit skin within 4 hours of intravenous endotoxin 
administration. Pre-treatment with phenoxybenzamine, chlorpro- 
mazine and cortisone prevented the development of these lesions. 
Thomas concluded that endotoxin alters the reactivity of 
blood vessels to epinephrine, so that this hormone becomes a 
powerful necrotizing agent. He stated that it is possible 
that this effect represents a basic mechanism in the various 
intoxicating actions of endotoxin. 

Zweifach and his group (122) continued this study with 
microscopic visualization of the micro-circulation in the rat 
mesoappendix in vivo and with similar examination of the 


isolated perfused rabbit ear in vitro. In the rat mesoappendix, 


aor © cine err a 


,oiiuigoniga Jsf3 gaijosqaye roi anoasst sarito Biel 
ot nokisaoe odd at botsotignt acd yan «3 ote 


soubotg attkalessige brs akxoyobas fsod — sae | aa 
simosoylgogyd yd bewollot  simesoyigzoqyd oe il ee 
nosdovlg xevil to sokdofiqah te ereenagll 7 ” 

sivuryg brs oftosl boold to aoizevsis (9 ~~ : rey : ; 


aeloval bios eae -* 
ataosyooovel (@ 9 bt - 


soeoroon [scot bas segsrdrxomesd Isideetsq (9 _ 
Va 


, _ 


okvoineaom .Jontsd I-D toqqu ont oot 
.wovil bas soslqe ,asbon 
sviensixo botsitesomeb asmornt adiasmiae 
bedosink esw onitdesnige aodw abaors9n 2 3 ci 
nkxosobua avonsvs13ai to aauon # abel 1h 7 f. 
-oxrqzotrs snimesnsdyxonsdq ASW Seemseoret 4 
.emotes! ssons to suomqoLevab rit ns ae stets 7 4 
to yitivisosor arts aretis ae 
® asmoosd snomxod atdt. seg 08 ori 
sidiseog ef tf Jods besate ol 


vy | A ep 


topical application of a threshold dose of epinephrine alone 
produced transient constriction of the terminal arterioles and 
precapillaries, with cessation of flow. Caliber and flow 
returned to normal after 10-20 seconds. When an identical 
dose of epinephrine was applied following a sublethal dose 
of endotoxin, intense, widespread vasoconstriction was seen 
in the small arteries, arterioles, venules and small veins, 
with complete ischaemia of the capillary bed, lasting 
several minutes. When the same dose of epinephrine followed 
a lethal dose of endotoxin, a biphasic vascular response was 
observed. Reactivity was enhanced initially - though to a 
lesser degree than after a sublethal dose - for about one 
hour. 
In the seond hour the terminal vascular bed, and also 
the larger arteries and veins, showed a gradual depression 
of epinephrine reactivity. The animal became ill, the 
respirations laboured and the mean blood pressure fell to 
65-75 mm. Hg. The small arteries and veins, especially 
the muscular venules, became dilated and filled with 
blood. The entire capillary bed filled with blood which moved 
Slowly through its ramifications. Petechiae appeared locally. 
In the third hour the larger arteries and veins narrowed 
down again spontaneously and became highly reactive to 
epinephrine. Narrowing continued until the larger arteries 
became thread-like. The terminal vessels remained unres- 


ponsive and dilated. 
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As a result, large volumes of blood remained stagnant 
in the capillaries and venules, with increasing numbers of 
petechiae dotting their course. 

This is the microcirculatory picture which Fine (19) 
so aptly described as "many dry river beds intermingled with 
swamps". 

In this phase direct circulation was demonstrable only 
through direct shunts which bypassed the capillary bed. 

MacLean (57) quotes evidence that arteriovenous shunts 
in normal intestine account for only 2-4 per cent of the total 
flow and that there is no indication that these shunts are 
increased in shock due to endotoxin. 

An interesting observation made by Zweifach was that in 
this experiment the small veins, which are normally the least 
reactive of the terminal vessels to epinephrine, became more 
sensitive than the precapillary arterioles, thus providing 
a mechanism for impeding capillary circulation and pooling 
of blood in the collecting venules. 

The hypersensitivity of muscular venules and small veins 
following endotoxin administration is also reported elsewhere 
25, 409519216): 

In the study of the microcirculation in the isolated, 
perfused rabbit ear, other important vascular responses 
were brought to light. When endotoxin was infused continuously, 


as opposed to a 20-30 second injection, a sub-threshold dose 
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of epinephrine produced prolonged intense vasoconstriction. 

The response to serotonin was not influenced by endotoxin 
when tested by the above methods. 

Zweifach and his colleagues, therefore, raised the poss- 
ibility that the haemorrhagic necrosis produced in the skin 
of the rabbit by Thomas may be a result of the biphasic 
response pattern to epinephrine and that this represents 
the basic mechanism of tissue damage in endotoxin shock. 

It is possible, they say, for some tissues to be sufficiently 
supplied with epinephrine so as to be placed in jeopardy 
by endotoxin. 

The sympathomimetic action of endotoxin on the bowel 
and its mesentery in the dog is also reported by Lillehei 
and MacLean (52,53). They point out that the profound degree 
of bowel ischaemia, leading to increase in vessel permeability, 
plasma loss and, eventually, irreversible shock, is a picture 
not unlike that seen in chronic epinephrine shock. MacLean 
(57) cites a report by Freeman that infusion of epinephrine 
in the dog results in irreversible shock characterized by 
haemorrhagic necrosis in the small intestine. Lillehei 
and MacLean (52,53) duplicated this experiment and obtained 
identical results. 

Apart from sensitizing blood vessels to epinephrine, it 
is also held that endotoxin is a sympathomimetic substance 
itself, when combined with some formed element in the blood, 


probably the leucocyte (51,54). 
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The claim that endotoxin administration to an experimental 
animal causes marked elevations in circulating catecholamine 
levels has much supporting evidence (2,25,51,54,55). It 
has also been postulated (2) that the main source of catechol- 
amines after endotoxin is extra-adrenal, presumably from 
elaboration at sympathetic nerve endings. 

There is also evidence that serotonin may be implicated 
in the harmful effects of endotoxin. Davis and his coll- 
eagues (12) reported release of serotonin from platelets 
in the rabbit following endotoxin injection, and they state 
that the released serotonin may be responsible for the 
observed vasoconstriction. 

Hinshaw and his group (39) observed increase in the 
weight and vascular resistance of the isolated perfused 
lung of the dog when endotoxin was perfused in whole blood 
or cell-rich plasma. These changes were not seen when the 
endotoxin containing perfusate was cell-poor plasma, dextran 
or gelatin. Since serotonin causes entirely similar changes 
in lung weight and pulmonary vascular resistance, it is 
possible that the substance in blood or cell-rich plasma 
necessary for this activity of endotoxin may be serotonin 
released from platelets. 

Thomas and others (100) have found that both serotonin 
and endotoxin greatly enhance the necrotizing and vasomotor 
effects of epinephrine and norepinephrine on the small blood 
vessels. They hypothesize that endotoxin may make serotonin 


available in and around the blood vessel walls for action 
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exerted in concert with epinephrine. They found that the 
combination of epinephrine and serotonin produces the same 
skin lesion as that produced by epinephrine and endotoxin. 

However, specific serotonin antagonists have not been 
found useful in experimental endotoxin shock (52). 

Rubenstein, Fine and Coons (83) carried out studies 
to localize E. coli endotoxin after intravenous injection 
into dogs, using the method of immunofluorescence., Fluorescent 
material was widely distributed throughout the walls of the 
peripheral vascular system. The endothelium of capillaries 
and veins was frequently involved, while that of the arterioles 
only rarely. The great vessels were spared. There appeared 
marked association of endotoxin with leucocytes. It seemed 
also that the leucocyte acts as a transport mechanism for 
the endotoxin in diapedesis. Rubenstein and his colleagues 
inferred from these findings that endotoxin may have a 
direct action on blood vessel walls. 

The work of Schayer (57,85,86) focussed interest on the 
role of histamine in shock, particularly shock due to endo- 
toxin. He postulated that a homeostatic relationship exists 
in the body between catecholamines and newly formed histamine. 
Adrenergic stimulation results in increased histidine de- 
carboxylase activity which augments histamine synthesis. 
According to Schayer the balance is doomed, since epinephrine 
is released rapidly from a finite store in the adrenals while 


histamine is being synthesized at an increasing rate. As a 
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result the responsiveness to epinephrine is superseded by 
histamine predominance and vascular damage. 

While some of the drugs used successfully in pretreatment 
of animals against endotoxin shock, are known to have anti- 
histaminic action (e.g. chlorpromazine, phenoxybenzamine) , 
the value of specific antihistamine drugs has not been estab- 
lished “in the condition (52,57). 

Hardaway proposed the theory that the crucial mechanism 
in the causation of both hypovolemic and normovolemic shock 
is the formation of intravascular thrombi. When he admin- 
istered E. coli endotoxin to dogs he noted immediate dis- 
appearance of platelets, gradual disappearance of fibrinogen, 
faGuor Vv and factor VIL. He reasoned that the fall in the 
level of clotting factors was probably due to their use in 
intravascular coagulation. He further stated that the 
endogenous activation of heparin and fibrinolysin represents 
a protective mechanism. Pretreatment of the animal with 
heparin prevents the formation of intravascular thombi and 
promotes survival. Irreversibility occurs when the thrombi 
remain in place long enough for ischaemic necrosis of the 
tissues to occur. Hardaway claims that endotoxin shock is 
due, at least in part, to intravascular coagulation (33,35). 

Cavanagh and De Cenzo (8) observed the parallel between 
endotoxin shock and the generalized Shwartzman phenomenon. 

In the latter, after "sensitization" by endotoxin, fibrin 


thrombi occur in the lung, liver and spleen. These are 
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rapidly removed by the reticuloendothelial system, which 
suffers temporary blockade as a result. If, within 48 
hours another dose, the so-called "provoking dose", of 
endotoxin is given intravenously, a new wave of fibrinogen- 
fibrin conversion appears but this time the fibrin thrombi 
also form in the kidneys, causing ischaemic necrosis of the 
renal cortices. In the pregnant woman no "sensitizing" 
dose is required for the generalized Shwartzman reaction to 
occur, since pregnancy sensitizes both the human and animal 
subjects to endotoxin (62). 

Cavanagh and De Cenzo, therefore, used fibrinolysin 
in the treatment of endotoxin shock in dogs. They found that 
fibrinolysin given within 15 minutes after endotoxin 
significantly increased survival, but it had no protective 
effect when administered in a later phase of shock. 

The clearance of endotoxin from the circulation was 
investigated by Herring and his colleagues (37) in normal 
rabbits and rabbits that had been rendered tolerant to endo- 
toxin by the injection of repeated small doses. The endotoxin 
was labelled with chromium 51. In both groups small doses 
of endotoxin were cleared within 10 minutes. The group 
tolerant to endotoxin showed a somewhat higher rate of 
clearance. There was rapid uptake in the liver, suggesting 
a more or less direct transfer from the blood to the reticulo- 
endothelial cells. The increased rate of clearance in the 


tolerant animals may have been due to increased phagocytosis 
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stimulated by previous exposure to endotoxin. The study also 
showed that most, if not all, endotoxin in formed elements 
in the blood is associated with platelets. 

There was a marked absence of radio-activity from 
leucocytes in this experiment. However, the authors state 
that this may be explained by prompt margination of leuco- 
cytes which then would not appear in the blood samples (37). 

Gilbert (25) quotes other studies on the clearance of 
endotoxin. In rabbits after an intravenous injection the plasma 
level fell to 3/5 of the immediate post-injection level in 
one hour, and to 1/12 after two hours. In mice and guinea pigs 
60-70 per cent disappears in 8 minutes, but the remainder 
persists in the blood for hours. The influence of previous 
depression or stimulation of the reticuloendothelial system 
on endotoxin clearance again strongly suggested that this 


system is active in removal of endotoxin from the plasma. 


Endotoxin shock in the dog. 

Endotoxin shock in dogs is usually produced by intra- 
venous injection of crude endotoxin prepared from E. coli 
cells, the lethal dose having been arrived at by assay on 
control dogs (53), or by purified endotoxin prepared and 
standardized by a manufacturer. The endotoxins prepared 
by Difco Laboratories, Detroit, Mich., are frequently used 


in research on this continent. 
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In all reports read by the writer endotoxin was 
administered by rapid injection. The dogs are usually 
anaesthetized with pentobarbital or sedated with morphine. 

When a lethal dose of endotoxin is injected intravenously 
into an adult mongrel dog, within 30-60 seconds there is a 
precipitous fall in the systemic blood pressure. At the same 
time the portal venous pressure rises. Within 15-30 minutes 
the systemic blood pressure rises again approximating the pre- 
endotoxin level. Thereafter it begins a slow, steady decline. 
The pulse pressure diminishes concomitantly. Tremor, excessive 
salivation, vomiting, bloody diarrhoea and terminal convulsions 
may complicate the picture. There is progressive metabolic 
acidosis, but the pH of the arterial blood tends to remain 
at near normal levels until the buffering capacity of the 
blood is exhausted. Oliguria or anuria is often seen. The 
plasma volume decreases progressively. Haemoconcentration 
and haemolysis develop (51,97). 

At autopsy the most marked finding is haemorrhagic 
necrosis of the small intestinal mucosa. Oedema of the small 
intestinal wall is frequently present. Areas of subendocardial 
haemorrhage may be found in the heart. According to Lillehei 
and his associates (51) this picture of endotoxin shock in 
the dog is identical with that produced by prolonged (4-5 hours) 
haemorrhagic shock followed by retransfusion, by intravenous 
injection of epinephrine, 2 mg./Kg., or by occlusion of the 


superior mesenteric artery for 4 hours. 
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The hepatic venous sphincter controversy. 


The mechanism of the initial precipitous blood pressure 
drop after endotoxin injection has been the battlefield of 
conflicting ideas. 

In 1906, Mall demonstrated spiral valves in the hepatic 
veins of dogs. In 1932, Bauer and others described thickening 
of the muscular coats of hepatic veins toward their orifices 
into the inferior vena cava. The fibres are arranged longit- 
udinally, but on contraction cause projection of the intima 
into the lumen, giving a valve-like effect (89). 

It has been claimed (57,117) that endotoxin produces 
spasm of these sphincteric muscle bundles, which then results 
in obstruction to hepatic venous outflow, impairment of venous 
return and sudden fall in cardiac output. 

MacLean (57) quotes evidence which makes it unlikely 
that constriction in the hepatic veins is responsible for 
the hepatic congestion observed. Catheters placed 2 - 3 cent- 
imetres into the hepatic veins from the inferior vena cava 
recorded no elevation of pressure, while simultaneous measure- 
ment in the portal vein revealed a rise of pressure from 10 
to 40 mm. Hg. Weil and MacLean, as cited by MacLean (57) 
noted elevation of portal vein pressure in the rat and the 
rabbit after endotoxin injection. Neither of these animals 
possesses hepatic vein sphincters. 

Thomas and Essex (101) studied the behaviour of the hepatic 


venous circulation following injections of extracts of 
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Ascaris suum in the dog. Engorgement of the liver was seen. 
The size of the organ increased by 50-150 per cent and the portal 
pressure rose from 7 to 31 centimetres of water. Cannulae passed 
9 centimetres into the hepatic veins reflected pressures 
typical of systemic venous pressure, not those of the portal 
system. The conclusion was drawn that the mechanism is not 
a sphincteric action in the hepatic veins, but rather diffuse 
spasm of the entire hepatic venous side of the liver 
vasculature. This is even more pronounced in the smaller 
than in the larger vessels. 

MacLean (25,52,57) showed pooling of blood in the liver 
following endotoxin injection by weighing the organ in vivo. 
As the weight of the liver increased, the central venous 
pressure fell. The increase in weight, representing the amount 
of blood by which the venous return had diminished, could 
easily account for the degree of shock observed. Liver 
weight returned to normal in 5-25 minutes. This accounts 
for the temporary restoration of the blood pressure. 

This study also showed increase in intestinal weight 
in endotoxin shock, especially in the later phase, at which 
time portal pressure is normal. 

The work of Daniel and Prichard (11) has contributed 
to our knowledge of the functional aspects of blood flow 
within the liver. They carried out rapid serial angiography 
to show the passage through the liver of "Thorotrast" injected 


through a tributary of the portal vein. They showed that on 
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occasion the superficial regions of the liver may fail 

to be perfused, while circulation is maintained through 
deeper parts. When intrahepatic distribution of portal blood 
flow is restricted in this manner, the portal blood reaches 
the inferior vena cava more rapidly than when the liver is 
perfused throughout. Daniel and Prichard did not demonstrate 
the stimulus inducing restriction of the intrahepatic 
circulation but suggested that it was a neurovascular mech- 
anism. This study showed in addition that there was no 
communication between the portal and hepatic venous systems 
except by way of the sinusoids. 

Moore (64) accepts the possibility of portal venous 
congestion due to a sphincteric mechanism in the hepatic 
veins, but states in addition that vascular changes at sinus- 
oidal level may be the cause. 

Lillehei and his colleagues (51) are emphatic that no 
sphincteric mechanism exists in the hepatic veins. In support 
of this contention they state that portacaval shunt does not 
protect the animal from the intestinal changes due to endo- 
toxin. In their view these sphincters are often used in 
argument aimed at discounting the dog as a suitable exper- 


imental model in relation to man. 


Peripheral resistance in endotoxin shock. 


MacLean quotes the unpublished data of Hinshaw and his 


co-workers who found that during the early phase of endotoxin 
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shock in the dog the total peripheral resistance remained 
relatively normal. Later there was a decline in total peri- 
pheral resistance which contributed to the shock state (57). 

Rayner and MacLean (79) found no rise in intestinal 
vascular resistance in endotoxin-shocked dogs. There was 
a selective decrease in blood flow to the mucosa of the 
intestine. 

Lillehei and his group (51) hold contrary opinions. They 
claim that in endotoxin shock peripheral resistance is high. 
They state in evidence that even isolation and perfusion 
of the dog's intestine via the superior mesenteric artery - 
which protects the animal from irreversible haemorrhagic 
shock - is not protective in endotoxin shock, since in the 
latter resistance in the superior mesenteric system is even 
higher and therefore unphysiological pumping pressures are 
required. They state that blood flow to the bowel in 
shock is about the same as collateral flow to the bowel 
after experimental occlusion of the superior mesenteric 
artery of the dog. 

The work of Weil and his group further supports the 
contention that in shock due to infection systemic resistance 


is increased (102). 


Acidosis in endotoxin shock. 


The occurrence of metabolic acidosis in endotoxin shock 


is well documented (4,10,25,34,57,59,97,108,110). It seems 
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generally accepted that the development of acidosis in shock 
is the consequence of inadequate tissue perfusion. Excessive 
reduction in tissue blood flow due to vasoconstriction 
results in tissue hypoxia. This in turn encourages the 
production of lactic acid. There is good correlation between 
the rise in blood lactate and the decrease in serum bi- 
carbonate and pH early in shock (34,77). 

Lundholm (56) cites Cori and Cori as stating that 
epinephrine causes the breakdown of muscle glycogen with 
the production of hexose monophosphate and lactic acid. In 
his own experiments Lundholm showed that intravenous administ- 
ration of epinephrine in the rabbit increased the level of 
lactic acid in the blood. 

An aggravating factor is the interference with blood 
flow in the liver. Lactate is largely metabolized in this 
organ. Reduction in hepatic blood flow thus helps to keep 
lactate in the blood at high levels. 

Huckabee (41) distinguishes two kinds of lactate production: 

a) due to elevation of pyruvate levels 
b) due to inadequate oxygenation of DPN in body cells. 

Only b) occurs in the hypoxia of low perfusion states and it 
can be proved by simultaneous estimation of lactate and 
pyruvate levels. In b) pyruvate is not elevated. Blood 
transfusions and oxygen administration are beneficial in 
acidosis. Catecholamines increase its severity. Huckabee 


further states that in experimental shock by slow bleeding 
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in dogs acidosis (due to excess lactate accumulation) precedes 
the deterioration of circulatory parameters. Autonomic 
blocking drugs reduce the excess lactate in the blood even 

if they lower the blood pressure further. 

It thus seems that acidosis is a consequence, rather than 
a cause, of the hypotensive state. 

Weil and Miller (108,110) emphasize the value of the 
arterial pH as a measure of the severity of shock and an 
indication of the prognosis. 

Peretz and his colleagues (77) advocate the monitoring 
of blood lactate levels in shock, both for judging its 
severity and as a prognostic measure. They state that a rise 
in blood lactate may precede the hypotension. In their series 
of clinical patients the survival rate was significantly higher 
in those with initially lower lactate levels. Levels above 
8.9 milliequivalents per litre (normal human lactate level 
at rest: 1.33 milliequivalents per litre or 12 milligrams per 
100 ml.) indicate a grave prognosis. 

Clinical improvement and lesser vasopressor requirements 
were invariably accompanied by decreasing lactate levels. 

The role of vasoconstriction in tissue hypoxia and 
excessive lactate production is well illustrated by the 
experiments of Freeman and his group (23) who found that in 
harmorrhagic shock normal dogs with vasoconstriction 
exhibited marked acidosis, while only mild acidosis was 


evident in dogs which had had a total sympathectomy. 
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Infusion of alkalis to correct the acidosis of endotoxin 
shock is reported to improve the pH but have no beneficial 
effect on survival (25,34,59). Peretz (77) states that 
bicarbonate administration is of value only when the circul- 
ation is improved at the same time. Others (5) claim that 
infusion of an alkaline solution in acidosis due to shock 
may in fact be harmful, since it reduces the ventilatory 


drive and aggravates the hypoxia. 


Plasma volume changes. 

"Endotoxin shock is not normovolemic shock; rather it 
is another form of hypovolemic shock", states Lillehei (54). 

Gilbert (25) concurs that lowering of the plasma volume 
may play a contributory part in the late stages of the endo- 
toxin reaction. He reasons that the vomiting and diarrhoea, 
the oedema of the intestine, the oedema of the abdominal wall 
and increase in the amount of peritoneal fluid in dogs 
with peritonitis all tend to bring about a reduction in 
plasma volume. Measurements of plasma volume in experimental 
endotoxin shock show reduction. In the experiments of 
Lillehei and MacLean the average plasma loss was 34.8 + 13 
per cent (52). Coincidently with the loss of plasma volume 
the haematocrit increases. Gilbert (25) cites the results 
of Penner and Bernheim who observed a rise in average haem- 
atocrit from 38 to 56 in six hours after endotoxin. 

Doberneck and his colleagues (13), using the radioactive 


1131 - jabelled human serum albumin (RISA) method, showed 
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only minimal alterations in blood volume in endotoxin- 
shocked dogs. There was no difference in the results 
between the survivors and the dogs that died. 

Major blood volume changes are not necessary for 
clinical septic shock to occur (57).  Altemeier and Cole (3) 
reported that only 25% of their septic shock patients showed 
haemoconcentration, and that pulmonary oedema was the common- 
est finding at autopsy in patients who had died. ThLS,. they 
state, is the result of overloading the circulation by 
transfusion. They state that large amounts of fluid rep- 
lacement are not indicated. MacLean (57) has noted an 
adverse clinical response in septic shock patients after multiple 
blood transfusions, in contrast with patients in traumatic 


shock who usually respond well. 


The role of the capacitance vessels in capillary pooling. 


The capacitance vessels are muscular venules and veins 
which react to sympathetic stimulation by contraction. The 
diminution in the capacity of these veins is reflected in an 
increased venous return initially. There is evidence that 
the muscular venules and veins are sympathetically innervated (20) 
and that they participate in pressor responses as do the pre- 
capillary resistance vessels (1). Mellander (63) has shown 
that capacitance vessels respond with maximum effect to 
a lower rate of stimulation than resistance vessels. Unlike 


resistance vessels, they are not sensitive to the effects of 
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vasodilator metabolites, and remain contracted even when the 
resistance vessels have dilated under this influence. Lillehei 
and his group (51) believe that this aspect of capacitance 
vessel behaviour is instrumental in the trapping of blood 


in the visceral capillaries in the late phase of endotoxin 


shock. 
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Methods of treatment, experimental and clinical. 


The diverse concepts of the pathogenesis of endotoxin 
shock are echoed in the many methods of treatment employed. 
The existence of multiple treatment methods for a particular 
condition is usually an indication that not one of them is wholly 
effective. This is also true for endotoxin shock. 

Blood volume replacement alone is not considered 
effective in endotoxin shock, It will elevate the blood 
pressure temporarily but does not improve the mortality 
rate. 

Low molecular weight dextran has been shown to return 
peripheral resistance to less than control levels. Concom- 
itantly, cardiac output, plasma volume and visceral flows 
rise higher than normal during infusion. Despite this, 
only 5 per cent of the dogs survived, having been given 2.5 
- 7.5 grams per kilogram of low molecular weight dextran. 

In most instances death was due to a bleeding diathesis. 
Fibrinogen disappeared from the blood in these dogs. 

Dextran, on the other hand, while it does not alter the 
clotting mechanism, may embarrass the microcirculation by 
excessive rouleaux formation. 

Plasma and saline are both beneficial, but watch must be 
kept on the right atrial pressure to prevent circulatory 
overloading. Survival in dogs when either is used alone is 
less than 10 per cent. 


Lillehei at present favours the use of plasma for clinical 
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volume replacement in endotoxin shock (54). He also points 
out that the central venous pressure is just as good a 

guide to adequacy of blood volume as other laboratory methods, 
and should be monitored in patients receiving blood volume 
replacement in shock. 

The use of antibiotics is favoured, as soon as the diag- 
nosis is made, without waiting for the result of blood 
culture (3,51,59,92). A combination of antibiotics is 
advised by Shubin and Weil (92). They recommend intra- 
venous chloramphenicol and streptomycin and tetracycline 
in addition if the patient has not had it before. Lillehei 
and his colleagues (54) recommend the combination of Chloram- 
phenicol, Tetracycline and Penicillin, to be given intravenously. 

Review of antibiotic therapy when blood culture results 
are available, is advised by all. 

The subject of perhaps the greatest controversy in 
the context of endotoxin shock is the use of vasopressor 
drugs in treatment. It will be remembered from the fore- 
going that opinions are divided on whether peripheral 
resistance is increased or not in endotoxin shock. This 
divergence of opinion is carried over to the field of treat- 
ment, and it is difficult to find anyone in the literature 
who condones the use of both vasopressor and vasodilator 
drugs. Surgeons, it seems, belong either in the vasopressor 
or the vasodilator camp, but not both. 


Altemeier and Cole (3) advocate the use of arterenol 
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administered in an intravenous drip at a rate sufficient to 
keep the blood pressure at 80 mm. Hg. or above. It is con- 
tinued until the blood pressure level remains stable without 
wee They call attention to the danger of pulmonary oedema 
in the patient and advocate only moderate blood volume re- 
placement to prevent this complication. Adequacy of fluid 
and arterenol therapy can also be measured, according to 
these authors by the urine output, monitored with an indwell- 
ing catheter. The hourly urine output should be 25 - 75 mls. 

MacLean (59) and Hall and Gold (32) also advocate the 
use of vasopressors and claim that with their use mortality 
is reduced. To those who decry vasopressor therapy MacLean 
(57) replies that patients have been maintained on vasopressors 
for weeks without ill effects. 

Lansing (46) also considers vasoconstrictors the drugs 
of choice. He feels, as does MacLean (57), that these drugs 
are indicated to restore the balance between the steadily 
increasing vasodilatation due to histamine and the steadily 
decreasing vasoconstriction due to the failure of catechol- 
amine production. By increasing aortic blood flow these 
drugs maintain the coronary circulation and by a direct 
action on the myocardium they increase cardiac output. 

Wilson (115) suggests that catecholamines should be con- 
sidered as myocardial stimulants, rather than vasoconstrictor 
agents. 


Moyer and his group (66) stress the importance of blood 
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volume replacement in combination with norepinephrine. 

MacLean (58) has stated that he now favours the use 
of isoproterenol (Isuprel) in endotoxin shock. This is a 
sympathomimetic drug which lowers the blood pressure temp- 
orarily, due to peripheral vasodilatation. Its action on 
the heart is similar to that of epinephrine: the rate and 
the stroke volume are increased with consequent rise 
in the cardiac output. 

Rosenberg and his colleagues (82) are emphatic that 
vasopressors are harmful, since they exaggerate an already 
deleterious sympathetic influence. They cite the words of 
Freeman on the dangers of excessive sympathetic activity: 
"the very mechanism by which the organism strives to survive, 
brings about its ultimate dissolution." 

Nickerson (68) warns against the use of pressor drugs and 
against too much preoccupation with the blood pressure. 

He states: "the blood pressure is a significant determination 
only when it is related to the condition of the peripheral 
vascular bed. A normal or elevated pressure operating 

in the face of severe vasoconstriction may actually induce 
less blood flow than a much lower pressure associated with 
peripheral vasodilatation. It is the blood flow, rather 

than the blood pressure, which maintains the viability of 
tissues."' - and - "vasoconstriction peripheral to the point 

of measurement may produce stasis in the face of normal or 
elevated pressure." Nickerson cites von Euler and Remington 


et. al. who have found that cardiac output is reduced when 
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vasopressor agents are administered to animals in shock. 

Lillehei quotes experimental evidence (48,52,53) that 
vasopressors given to endotoxin-shocked dogs accelerate 
death of the animals. He also reports an apparent synergy 
between endotoxin and metaraminol. 

Lillehei and his group (51,54) and Nickerson (73), 
recently again reaffirmed their stand against vasopressor 
therapy in endotoxin shock. 

In 1948 Wigger and his colleagues (113) reported that 
pretreatment with the adrenergic blocking agent, dibenamine 
greatly reduced the incidence of irreversible shock after 
haemorrhage. In 1950, Remington and his group (80) showed 
that after dibenamine pretreatment, the animal can survive 
pressure and flow levels fatal to controls. 

The use of dibenamine was later abandoned in experimental 
work in favour of dibenzylene (phenoxybenzamine) which is 
6 - 8 times more active (27). Both drugs belong to the 
group of beta-haloalkylamines. They produce blockade of 
the alpha receptors in blood vessels. The blockade is 
highly specific, of long duration (24-48 hours) and effective 
even against strong adrenergic stimuli. They have a slow 
onset of action due to time required to form ethylenimonium 
intermediates. These intermediates then form covalent 
bonds with important biological groups (sulphhydryl, amino 
carboxyl) and this accounts for their long duration 


of action. According to Goodman and Gilman the peak 
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effect is reached 1 - 2 hours after intravenous administration 
of dibenamine, while with dibenzylene it is a little faster. 
Dibenzylene, unlike dibenamine, has a marked antihistaminic 
effect. Its blockade of histamine is considered as persistent 
and as stable as that of adrenergic stimuli. 

In experimental canine endotoxin shock pretreatment 
with dibenzylene has been shown to have a protective effect 
25952259 5747-5) The primary drop in blood pressure 
was still seen, but the secondary decline in pressure was 
mild. By four hours after endotoxin blood pressure had 
returned to pre-experiment levels. There was little change 
in plasma volume or haematocrit. No bloody diarrhoea 
was seen. At sacrifice the only abnormal finding was liver 
congestion (52). 

Iampietro and his associates (42) found that dibenzylene 
pretreatment decreased pooling of blood in the liver, but 
that the arterial blood pressure still fell to the level 
seen in controls. 

It is a curious facet of the literature of endotoxin 
shock, that while adrenergic blocking agents such as dibenzylene 
are known to confer a high degree of protection when used in 
the form of pretreatment, their use after the onset of shock 
is not nearly so effective (9,53,57,97,109). In fact they 
have been shown to become less effective as shock progresses 
G2Hiz22) . 


Vick, Lafave and MacLean (103), however, obtained favourable 
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results when they administered dibenzylene to dogs 60 - 

180 minutes after endotoxin. They noted dramatic reversal 

of the depressed renal plasma flow, glomerular filtration rate 
and urine output even while the blood pressure was at shock 
levels. The blood pressure, the blood pH and the haematocrit 
all showed a favourable response. Survival was increased. 

Clein and Couves (10) on the other hand found that 
dibenzylene post-treatment in dogs did not contribute to 
survival. Weil and Miller (108) found that the use of 
dibenzylene after shock accelerated the fatal outcome in 
the dog. 

Lillehei and his group (51) report that when dibenzylene 
alone was given to dogs 30 - 60 minutes after endotoxin, no 
benefit was obtained. When plasma was infused in addition, 
the mean blood pressure remained at less than half its 
normal level, but flow in the superior mesenteric artery 
increased to exceed the pre-endotoxin level. Lillehei 
is of the opinion that since adrenergic blocking agents 
increase the capacity of the vascular bed by at least 15 per 
cent, fluids must be given in addition to the drug (49). 

The need for volume replacement in addition to dibenzylene 
is also stated by others (73,103). 

It is postulated that while vasoconstriction or the 
infusion of a sympathomimetic amine reduce the intravascular 
volume (22,53), blockade of vasomotor activity results in 


its prompt increase (42,73). 
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Dibenzylene is further considered to provide a rapid 
estimate of the adequacy of the circulating blood volume. 
When even a large dose of a blocking agent is administered 
to a normovolemic subject in the recumbent position, 
little change in blood pressure results. If the subject is 
hypovolemic the blood pressure shows a profound drop. The 
amount of volume required to restore the blood pressure 
provides a semiquantitative measure of the volume deficit 
G73. 7598 

Nickerson also claims that dibenzylene is effective 
in opening up the microcirculation. After dibenzylene 
the venous haematocrit falls more markedly than the whole body 
haematocrit. The full significance of this finding in 
relation to shock is not known, but Nickerson maintains that 
it indicates a considerable opening of the microcirculation, 
with decreased plasma skimming and equalized rates of passage 
of red cells and plasma (75). 

Dibenzylene is also said to be of value in the prevention 
or abolition of pulmonary oedema due to overloading of the 
circulation by transfusions. In shock, vasoconstriction 
shifts blood into the pulmonary vascular bed. Inhibition 
of vasoconstriction can reverse this process. Nickerson 
cites the case of a patient who developed pulmonary 
congestion after the slow infusion of only one unit of blood. 
After the administration of dibenzylene four units could be 


given rapidly, with clearing of the lungs during the period 
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of blood administration (75). 

It has also been stated that a considerable number of 
patients in haemorrhagic shock, who failed to respond to 
blood volume replacement, began to improve 1 - 4 hours after 
the administration of dibenzylene and that others, who failed 
to maintain improvement induced by one or more large 
transfusions, did so after the administration of the blocking 
agent (70). 

One of the undesirable effects of dibenzylene is 
epinephrine reversal, a dilator action. It is probably due 
to blockade of adrenergic vasoconstrictor response and con- 
sequent unmasking of the adrenergic vasodilator action (27). 
Green and his colleagues (29) describe the ideal blocking 
drug as one which blocks the constrictor and dilator 
responses equally, does not cause epinephrine reversal, 
and therefore has less tendency to cause hypotension. Green 
and his group carried out flow studies in dog muscle after 
dibenzylene and phentolamine administration. These drugs 
abolished constrictor responses to both norepinephrine and to 
Sympathetic nerve stimulation at LS. With dibenzylene, 
epinephrine and norepinephrine reversal was seen. The 
authors hypothesized that the mechanism of the reversal 
effect may be breakdown of muscle glycogen to lactic acid 
with fall in blood pH and consequent vasodilation. 

Nickerson (69) points out the value of clinical signs 


when dibenzylene therapy is contemplated. Slow capillary 
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filling, narrow pulse pressure, cold, sweating limbs and 
other evidence of vasoconstriction are signs in favour of use 
of the drug. 

The use of phentolamine in experimental endotoxin shock 
has also been reported (29,47,108). Phentolamine is an 
adrenergic blocking agent with the same site of action 
as dibenzylene. In addition it has a weak vasodilator 
activity (16). Its action is rapid in onset but transient 
in duration. It produces peripheral vascular relaxation. 

The blood pressure falls after phentolamine administration. 
Tachycardia is usual, but undue tachycardia is a sign of 
overdosage. It stimulates the myocardium, dilates the 
coronary arteries and increases the stroke volume. In dogs 
it is reported to increase the systemic arterial pressure, 
probably because theincrease in cardiac output more than 
compensates for the peripheral vasodilatation (27). 

The ability of phentolamine to block the effects of 
circulating catecholamines was shown by Gillenwater (26), 
and Kirpekar and his group (44). 

Levy, North and Wells (47) reported that pretreatment of 
rats with phentolamine increased survival in traumatic shock. 

Weil and Miller (108) found that phentolamine accelerated 
death when given to dogs after the onset of endotoxin shock. 
While there is no standard dose of this drug for the dog, 
their dosage of 10 milligrams per kilogram would appear 


to be unduly high. 
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A large body of opinion (51,54,57,97) supports the 
claim that there is no physiological lack of adrenal cortical 
secretion even in the late phase of endotoxin shock. 

Nevertheless, Lillehei and his associates (51,52,53,54) 
have shown that in experimental canine endotoxin shock 
hydrocortisone pretreatment confers a significant degree of 
protection. These workers have also demonstrated the value 
of hydrocortisone when used after endotoxin. The efficacy 
of hydrocortisone in shock has also been reported by others (31). 
Even better results were obtained by Lillehei (51) when 
plasma was given in addition. To produce benefit hydro- 
cortisone has to be given in pharmacological doses, that is, 
the human patient should receive 1 gram intravenously as 
soon as the diagnosis is made. This dose may be repeated in 
4 - 8 hours. Therapy may be stopped abruptly without tapering 
the dosage. For use in the dog, a dose of 50 mg. per kilo- 
gram is advised. 

Shubin and Weil (92) recommend hydrocortisone in a dose 
of 1 gram per day, or prednisolone, 200 milligrams at the 
start, followed by 100 milligrams every 6 hours or dexam- 
ethasone, 40 milligrams at the beginning of treatment, then 
20 milligrams every 6 hours. They also advocate abrupt 
cessation of steroid therapy on recovery from shock. 

The precise mode of action of hydrocortisone is not known. 


However, Lillehei (51) states that in pharmacological doses 
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it prevents increase in peripheral resistance, preserves blood 
flow to the bowel and prevents plasma loss. It has the advant- 
age over dibenzylene that it does not induce hypotension. 
Altemeier and Cole (3) recommend the use of steroids 
only when blood pressure is not restored following the use 
of vasopressors and blood volume replacement. 
Combination of steroids with pressor drugs has been used 
with success in endotoxin shock. According to Spink (97) 
the steroid may sensitize the blood vessel wall to the action 
of the pressor drug, and less vasopressor is required. 
Pretreatment with heparin (34,35) is reported by 
Hardaway to protect dogs from the lethal effects of endotoxin. 
It has also been shown to prevent the metabolic acidosis 
which follows endotoxin administration. He also claims 
success when fibrinolysin is used in established shock. 
Surgical intervention, when feasible, to eliminate 
infected foci is advocated by all recent authors on the 
Supject (3,57,59,97). 
The theory has also been advanced (106) that the 
harmful effects of endotoxin are produced by means of a 
Synergistic effect with kallikrein, a proteolytic enzyme 
of endogenous origin, which when injected into the experimental 
animal, reproduces many of the effects of endotoxin. Recent 
work with the proteolytic enzyme inhibitor Trasylol (FBA) 
in patients led to clinical improvement and decrease in blood 
levels of histamine and polypeptide-like agents in 6 of 8 


patients (45). 
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Fine and his group (76) recently reported beneficial 
effects in man and dog in endotoxin shock by denervation of 
the abdominal viscera through injection of xylocaine into the 
coeliac ganglion during shock. Urine flow was resumed, 
atrial pressure rose, as did the cardiac output and systemic 
blood pressure. 

The induction of tolerance to vasoconstriction by repeated, 
small injections of norepinephrine has been shown to render 
experimental animals markedly resistant to the effects of 
endotoxin (51). 

Extracorporeal circulation combined with dibenzylene 
has been accompanied by some success in experimental endotoxin 
shock. The use of hypothermia has not been effective (9,52). 

Weale (105) considers that the hypotension of shock 
is due to acute myocardial failure. In his opinion, improve- 
ment in the treatment of irreversible shock will depend on 
the facilitation of oxygen transport to the myocardium. 
Hyperbaric oxygenation may become a useful means of achiev- 
ing this end. Extracorporeal circulation should also 
be considered. In any case, Weale advocates the administration 
of oxygen by the best available means. Oxygen is also 
advised by Altemeier and Cole (3). 

Douglas and his colleagues (14) recently reported a 
diagnostic test for the demonstration of endotoxin in the 


patient's serum. The test is based on the altered reactivity 
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of blood vessels to epinephrine which results from endo- 
toxin, as described by Thomas (98). The test is conducted 

as follows: 7 millilitres of the patient's serum are injected 
intravenously into an albino rabbit. Then at neighbouring 
sites 50 and 100 micrograms of epinephrine are injected into 
the skin. A positive test shows haemorrhagic necrosis at the 


injection sites in the skin. 
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The purpose of the experiment. 


The "raison d'etre" of shock experiments on animals is 
the need to establish controlled studies in an organism with 
a physiology akin to that of man, in order to achieve under- 
standing of the pathophysiology of shock and explore effective 
avenues of treatment. 

The difficulty of studying endotoxin shock in patients 
is pointed out by Udhoji and his colleagues (78): "the 
subjects are sick persons who have had infection for varying 
periods of time; previous treatment is also a factor which 
is entirely uncontrolled. Moreover, septic shock occurs 
preponderantly in older patients who are much more likely 
to have degenerative vascular disease with limited coronary 
and cerebral circulation. During shock patients are often 
moribund, and this presents formidable technical problems. 
Therefore conclusions based on such studies necessarily must 
be viewed with reservation until a sufficient number of 
studies have been completed to secure statistical validation." 

The laboratory animal, however, is not a perfect sub- 
stitute for man. Zweifach (117) points out that the existence 
of species differences is taken for granted, but the spread 
of "normal" values within any species is so great as to make 
many of these indices almost meaningless by themselves. 
Furthermore, animals often harbour subclinical infections, 
which under experimental conditions may become fulminant. 


Structural differences in different organs may enable them 
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to serve as blood depots. In the dog and the cat the liver 
and the spleen can add up to 30 per cent of the blood volume. 
The differential organ sensitivity to endotoxin is another 
variant. In man, the kidneys are the target organ, 

while in the dog it is the intestine and in the rabbit, 

the lung (51). 

Even if we restrict our experiments to one animal species 
we may find.it difficult. to reproduce the clinical picture. 
For humanitarian reasons, and for experimental convenience, 
the use of anaesthesia is necessary. There is evidence that 
anaesthesia may significantly alter certain parameters. 

This is in contrast with the human patient who is usually 
awake and unanaesthetized. 

Price (78) reports that anaesthetics, such as thiopentone, 
potentiate the vasoconstrictor effects of catecholamines. 

This may be of physiological significance, since it would 

cause blood vessels to constrict in response to physiologically 
normal levels of circulating tissue catecholamines. Price 

also states that thiopentone suppresses vasomotion and causes 
plethora of the capillary bed. 

The hypoventilation associated with anaesthesia results 
in reduced elimination of C07. Since CO? is a potent 
stimulant of the sympatho-adrenal system, catecholamines 
are mobilized as a result (15,78). 

Others also claim that anaesthesia exerts an adverse 


effect on the experimental animal in shock (48,52,87). 
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Moyer (65) has shown that norepinephrine infusion 
sufficient to raise the blood pressure by 20 mm. Hg. or more 
and maintain it at this level, will result in death of the 
animal in 18 hours if the animal is anaesthetized. This 
is not so with the unanaesthetized animal. 

Sjostrand (96) feels it is unjustifiable to draw 
conclusions regarding the general regulation of circulation 
in human beings from results obtained in experiments under 
anaesthesia, in view of the marked haemodynamic disturbance 
initiated by anaesthetic agents. 

Another likely divergence from the clinical situation 
is the universally employed method of administration of 
endotoxin in a single, massive dose. Udhoji, Weil and 
their colleagues (102) point out that this probably does 
not simulate the conditions which exist during the development 


of shock in man. 


The purpose of this study was threefold: 
Because the endotoxin-shocked man is usually awake and 
unanaesthetized - 

Mie to evaluate the effect of anaesthesia on the endotoxin- 
shocked animal. 
Because endotoxaemia in man occurs continuously over 
a relatively long period of time - 

fap to evaluate the differences between rapid injection 


of endotoxin and its infusion over a period of two hours. 
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Because pretreatment with dibenzylene protects the 
animal from the lethal effects of endotoxin, while 
treatment after endotoxin is far less effective - 

to test the value of simultaneous administration of 
phentolamine, an adrenergic blocking agent of rapid 
onset, but short duration of action. This approach 

was prompted by the reports that even after intravenous 
administration of dibenzylene a delay is incurred before 
BeeeactiLon 1s exerted (27,/35,/5). It was planned to 
secure rapid, early adrenergic blockade with phentolamine 
while waiting for dibenzylene to develop its sustained 
blockade. In the treatment of an emergency situation 
such as shock, the elimination of delay in drug action 


would seem warranted, 
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1. Animal care. 
2. Plan of study. 
3. Preparation for experiment: 
(1) preoperative 
(2) operative 
(3) post-operative 
-unanaesthetized animals 
-anaesthetized animals 
-measurement of parameters 
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c) hind limb flow 
d) urine output 
e) acid-base balance 
-preparation of endotoxin 
-preparation of phentolamine 
-preparation of phenoxybenzamine 
4, The experiment. 
5. Animal care after the experiment. 


6. Flow measurements, using bubble flow meter. 
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METHOD 


Animal care. 

This study is based on seventy-two experiments, In each 
experiment a healthy adult mongrel dog was used as subject. 
For at least two weeks prior to the experiment every 

dog was kept in the Vivarium under veterinary care. This 
ensured that the dogs were in optimum condition when used 


for study. 


Plan of Study. 


The experiments were divided into two principal groups: 
a) experiments on unanaesthetized dogs - U. 

b) experiments on anaesthetized dogs = “Ae 

Each of these groups was further subdivided into four 


sub-groups: 


(i) endotoxin infusion, no treatment - E. 
(ii) endotoxin by rapid injection, no treatment - E(S). 
(iii) treatment only, no endotoxin - T. 
(iv) endotoxin infusion and treatment -ET. 


The number of experiments in each group is represented 


in the table: 
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3. Preparation for Experiment. 
(1) pre-operative. 
The dog was allowed water but no food during the 24 
hours preceding the experiment. The quarters in which 
the animals were kept permitted a liberal amount of exercise. 
The weight of the animal was recorded immediately 

before surgery. 
Anaesthesia. All dogs received 30 mg. per Kg. Pentobarbital 
Sodium (Abbott) intravenously. Dogs in the unanaesthetized 
(U) group, operated upon on and after 7th February, 1964, 
were given Thiopental Sodium (Abbott) for injection, U.S.P. 
intravenously, in a dose of 25 mg. per Kg. body weight. 
The reason for this change will be discussed below. 
Skin preparation. After the induction of anaesthesia, 
regions of the skin in which incisions were to be 
made were shaved thoroughly with an electric shaver. 
The skin was then washed with liquid surgical soap, painted 
with iodine, and draped with sterile towels. 

(2) operative. 
Catheterization of bladder, Early experience with soiled 
towels showed that catheterization was best carried out 
before making the skin incisions, After initial failures 
with the available Foley catheters, no difficulty was en- 
countered when 14 or 16 French Stomach tubes (Levin type, 
50" long) (Becton, Dickinson and Co., Rutherford, N. J.) 


were used for the purpose. Fig. 1.(1). 
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urethral catheter 
Size P.280 polyethylene cannula 
Size P.260 polyethylene cannula 


tracheostomy tubing. 
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Tracheostomy was performed through a 1 1/2" transverse 
incision in the anterior aspect of the neck, midway between 
the lower end of the larynx and the suprasternal notch. 
"Tygon" tubing of 3/8" or 1/2" internal diameter was 

Weeds tio 1 ts). 

In dogs being prepared for the unanaesthetized experiment, 
the tracheostomy tube was secured to the trachea by a 
Single 2-0 silk suture. It was easily removable later 

by cutting the suture inside the tube. 

Cannulation of blood vessels. The vessels cannulated 

and the purpose for cannulation in each case were as 
follows: 

right vertebral artery - for measurement of blood pressure 
and for collection of arterial blood samples. The tip of 
the cannula was advanced to lie in the aorta, 

right external jugular vein, for measurement of central 
venous pressure and for collection of venous blood samples. 
The tip of the cannula was passed to the superior vena 
cava, (a) and (b) were exposed through a 2" longitudinal 
incision in the right lower anterior aspect of the neck, 
midway between the lateral border of the trachea and 

the lateral neck margin, above the first rib. 

left external jugular vein through an incision in the 

left side of the neck symmetrical in position with that 
used for (a) and (b). The cannula, passed into the 


vessel for a distance of 2", served to deliver endotoxin 
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and the drugs used. 

(d) left saphenous vein. The cannula was introduced into 
this vessel about 2" distal to its opening into the femoral 
vein, then passed proximally until the tip lay just inside 
the femoral vein. By occluding venous flow in the femoral 
vein with a loop of 2-0 silk placed just proximally to the 
sapheno-femoral junction, the venous return was diverted 
via the cannula in the saphenous vein to a measuring 
cylinder held at a constant level. This cannula served 
to obtain blood for the measurement of venous outflow 
from the hind limb. 

(e) In experiments using the bubble flow meter the right 
femoral artery was cannulated with two short cannulae, 
one of which served to deliver blood from the vessel to 
the flow meter, while the other returned the blood from 
the flow meter to the femoral artery. 
Materials used for cannulation of blood vessels. 
"TIntramedic'’ polyethylene tubing (Clay-Adams, Inc., New York) 
size 280 was used whenever possible. Very occasionally, 
in small dogs with small vessels, size 260 or 240 had to 
be used. While slightly more difficult to introduce, 
the size 280 cannula gave excellent service and flow un- 
hindered by clotting problems. In view of the firmness 
of this type of tubing it was important to cut only a 
shallow bevel in the tip to prevent it from damaging the 
vessel as it was passed proximally. A No.13 needle with 


its sharp tip sawn off, in order to prevent damaging 
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the polyethylene tube, was introduced into the free end 
of the cannula, to serve for connection with syringes, 
manometer, etc. Fig. 1 (2,3). 

(3) post-operative. 
Unanaesthetized animals. Prior to Feb. 7, 1964, dogs 
intended for the unanaesthetized experiment (U) were 
prepared in the afternoon of the day preceding the 
experiment. This method was in vogue in the laboratory 
when the present study began. Thus, as soon as the 
operative preparation was completed, the dog was removed 
from the operating table and placed in a supporting harn- 


ess suspended from a stand designed for this purpose. (Fig. 2) 


ELgagZe 


Dog in harness, showing positions of tracheostomy tube, 


cannulae (a) and (b) and urinary catheter. 
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In this harness the dog was left overnight and 
the experiment was carried out the next day. The harn- 
ess supported the dog until the effects of anaesthesia 
wore off. Thereafter the dog was able to stand. However, 
to protect the cannulae and the tracheostomy, the rigging 
had to be firmly secured, allowing virtually no movement 
during the night when the dog was unobserved. 

A great disadvantage of this harness was the dependent 
oedema noted in the paws by next morning, which increased 
in intensity with time. An even greater disadvantage 
was the fact that in spite of every effort to restrain the 
dogs in the harness during the "unobserved hours" some 
dogs did succeed in dislodging their cannulae and trache- 
ostomy tubes, and were found in varying stages of distress 
by the next morning. These dogs thus failed to qualify 
as experimental subjects and had to be discarded. Some 
five or six experiments were forfeited in this way. 

Hunger was another undesirable feature of this method 
of preparation. By the time the experiment began the 
dog had been without food for 48 hours. Fighting the 
restraining harness, with its attendant frustrations, 
also seemed a factor to be avoided. 

It appeared, therefore, that even if the dog was 
intact in the harness by next morning, with hunger, oedema 
and frustration, unnecessary variables were being introduced 


into the experiment. Four dogs in the Up and four dogs 
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in the Upp groups were used under these conditions. Lt 
was therefore decided to discontinue this method of prep- 
aration, The change to intravenous thiopentone sodium, 

25 mg. per Kg., as mentioned above, gave 20-25 minutes of 
anaesthesia for the preoperative and operative preparation. 
Absolute readiness and speed in surgery made this time 
interval quite sufficient for the task in hand, The 

dog was transferred to the harness immediately after 

the operative preparation. The effects of anaesthesia 
were allowed to wear off. This took 60-90 minutes, The 
experiment could then commence, 

Anaesthetized animals. 

These animals remained on the operating table until the 
conclusion of the experiment. In the majority of cases 
no further anaesthesia was required. Occasionally, when 

a dog showed signs of awakening, 1/2 to 1 ml. (30-60 mgs.) 
of the nembutal solution was administered through cannula 
(c) to maintain the animal in a lightly anaesthetized 
state, 

Measurement of parameters, 

Blood pressure. 

Cannula (b) was connected to a Statham Pressure Transducer, 
Model P 230 b. (Statham, Hato Rey, Puerto Rico) linked with 


a Sanborn Poly-Viso Recorder. (Fig. 3). 
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The Statham transducer was later replaced with a Sanborn 
Pressure Transducer, Model 267A (Sanborn Co., Waltham, 
Bates... UsS yin) The Wheatstone Bridge of the Sanborn 
recorder was balanced and the strain gauge calibrated 
before each experiment. The dog's blood pressure was 
recorded for at least 30 minutes prior to the start of 


the experiment, then continuously throughout its duration. 


Central venous pressure, 


Cannula (a) was connected to a glass manometer with its 
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zero mark at the level of the right atrium. 
The central venous pressure (CVP) was monitored continuously 
for at least 30 minutes before the experiment and through- 


out its duration, It was recorded in ems. of water. 


Hind limb flow. 

The free end of cannula (d) was held by the assistant 

over a sterile syringe or measuring cylinder at a pre- 
determined level (a mark was made for this purpose on 

the leg of the operating table). Blood was collected 
during a ten second period. To aid accuracy, a five- 
second countdown was given for the release of the haemostat 
on the cannula and another five-second countdown for its 
reapplication. 

Initially the procedure was doubled to check accuracy. 

When accuracy was evident, the double check was abandoned, 
since it was noted that frequent use of the cannula 
encouraged clotting within it. Hind limb flow was measured 
every 30 minutes during the experiment. The blood was 


returned to the dog unless its volume was less than 2 mls. 


Urine collection. 
The catheter drained directly into a measuring cylinder. 


The urine output was measured every 15 minutes. 


Acid-base balance studies. 


Arterial blood from cannula (b) and venous blood from 
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cannula (a) were obtained before the experiment, then 

every 30 minutes for 2 1/2 hours then every 60 minutes 

for the remainder of the experiment. 2cc samples of 

blood were collected anaerobically into a 2.0 or 5.0 cc 
syringe treated with liquid paraffin and containing 0.2 mls. 
1:1000 heparin. The samples were processed according 

to the Astrup method (93,94). Fig. 4. Information 

was obtained on arterial pH, venous pH, arterial pC02 HC03 


and total CO5 levels. 


Fig. 4. 
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Preparation of endotoxin. The endotoxin used in these 
experiments was Lipopolysaccharide E, coli 0111:B4, prepared 
by the Difco Company of Detroit in a desiccated form 

and supplied in vials of 100 mgs. The Boivin trichlor- 
acetic acid procedure, as modified by Webster, Sagin, 
Landy and Johnson, is employed in the extraction of this 
endotoxin (107). It is standardized using Webster strain 
Wht ecamice.. Go eiverLDrgesS, of O.5 me. orsless. «It 

is further standardized on the basis of its nitrogen 

and phosphorus content and its capacity to elicit anti- 
bodies in rabbits. It is stable for extended periods 

of time when stored in a cool, dry place. The contents 

of the vial (100 mgs. endotoxin) were shaken with 5 mls. 
sterile saline until a fine suspension was obtained. 

A dose of 5 mgs. endotoxin per Kg. body weight was then 
removed from the vial and instilled into a bottle contain- 
ing 250 mls. 5% dextrose in water (or N saline, depending 
on which solution was available). This volume was 

large enough to be given in an even drip through a stand- 
ard intravenous-giving set. All dogs received endotoxin 
in a 250 ml. infusion, except those in the Up(s) and 

AE(S) groups. These dogs received the dose in a rapid 
injection, taken from the suspension in the vial. 
Preparation of Phentolamine. 

10 mgs. of Phentolamine methane-sulphonate (ROGITINE, Ciba) 


were dissolved in 100 mls. sterile saline. All dogs 
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received the same dose irrespective of body weight. 
Preparation of Phenoxybenzamine. 

100 mgs. of Phenoxybenzamine HCl were dissolved in 500 mls. 
of normal saline, giving a concentration of 0.2 mg. per ml. 
The dose of dibenzylene was 0.5 mgs. per Kg. body weight, 


i.e. for a 15 Kg. dog 45 mls. of this solution were given. 


The Experiment. 


With all preparations completed and the dog stable, 
the experiment was begun. 

In groups E and ET the endotoxin was infused at an 
even rate over a period of two hours (drip rate of 30 
drops per minute). 

In groups E(S) the endotoxin was rapidly injected. 

All dogs received only one dose of endotoxin. The 
blood pressure was traced continuously for the first 
thirty minutes; thereafter short tracings were taken 
every 15 minutes. 

The central venous pressure and urine output were 
recorded every 15 minutes. 

Hind limb flow was recorded every 30 minutes. 

Arterial and venous blood samples for acid-base balance 
studies were taken every 30 minutes for the first 2 1/2 
hours, then hourly until the conclusion of the experiment. 

In treatment control experiments (T) phentolamine 


and dibenzylene were given together to 4 dogs each in 
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both the unanaesthetized and anaesthetized groups. The 
phentolamine was infused over a period of 2 hours, 
while dibenzylene was given in half that time. In addition, 
in the Ap group, 2 dogs received phentolamine alone and 
one dog dibenzylene alone. 

In the ET groups treatment was given when a marked 
fall in mean blood pressure was noted (70 mm. Hg. or 
more), when acidosis became manifest, when bloody diarrhoea 
occurred, or after more than 3 hours experiment time. 
The latter policy was deemed reasonable on the grounds 
that in the control groups dogs, which had failed to 


exhibit any of the features mentioned above, often died. 


Animal care after the experiment. 


At the conclusion of the experiment on anaesthetized 
dogs all the cannulae were removed from the blood vessels. 
The vessels were ligated and the wounds closed in layers. 
The urinary catheter was removed. If anaesthesia 
was light or the dog conscious at the time of leaving 
the laboratory, the tracheostomy tube was removed also. 
Otherwise it was removed the next day. 

Unanaesthetized dogs had their cannulae tied into 
a knot just above the skin and the rest cut off. It 
was deemed preferable to leave the proximal end of the 
cannulae in situ than to submit the dog to anaesthesia 


for their removal at a time when it may have adversely 
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affected survival. 

The urinary catheter was removed. The tracheostomy 
tube was removed if breathing was unobstructed. 

All dogs which were alive at the end of the experiment 
were returned to the post-operative ward of the Vivarium. 
Here they were placed in individual cages and maintained 
under optimum conditions of cleanliness and observation. 
The postoperative progress of these dogs was also followed 
by the Director of the Vivarium, a veterinary surgeon. 

At first, only water was allowed following the 
experiment, The animal was nursed back to normal diet 
at a rate consistent with its condition and interest in 
food. 

To eliminate unnecessary variables which may have 
interfered with survival, no drug of any sort was administ- 
ered to the dogs other than those mentioned above in 
connection with the experiment proper. 

Dogs which survived for one week following the 
experiment were regarded as survivors. After this period 
they were sacrificed. 

Tissue specimens were taken from several dogs for 


histological study. 


Flow measurements, using bubble flow meter. 


The influence of Rogitine and Dibenzylene on hind 


limb resistance in the absence of endotoxin was studied 
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by means of a bubble flow meter designed by Nash and 
Milligan (67). To prevent blood clotting in the apparatus 
heparinization of the dog prior to the experiment was 
required, Heparin Sodium, U.S.P. (Riker), 10 mg. per 

cc., was given in a dose of 2 mg. per Kg. body weight 
before the experiment, Thereafter 10 mgs. of Heparin 
were given every hour. 

The necessity for heparinization precluded the study 
of flow changes induced by endotoxin, since heparin pre- 
treatment is known to protect from the effects of endo- 
toxing@s5.2450)) 

Principle of the bubble flow meter. 

Blood diverted from the femoral artery was passed 
through the flow meter, then returned to the femoral 
artery. In its passage through the flow meter, a bubble 
was introduced into the blood and circulated with it through 
a loop of known volume. By means of a photoelectric 
cell the time taken for the bubble to traverse the loop 
could be detected and recorded on the blood pressure 
tracing. A bubble trap prevented the bubble from 
entering the femoral artery. With each bubble trapped, 

a new bubble was automatically introduced, making con- 
tinuous flow measurement possible. 

The flow meter, in progressive stages of assembly is 


shown in figures 5, 6 and 7. 
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Figure 5. 


Figure 5 shows the air pump with small apertures above and 
below its central supporting rod. These apertures serve 
for the injection and return of air. A rubber diaphragm 
fashioned out of a sheet of Pure Latex Dental Dam by means 
of small holes punched in it to coincide with the air 
injection and air return apertures is seen below the air 


pump. 
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Figure 6. 


Figure 6 

shows the 
diaphragm (8) 

Hie pLace. | - a. 
screw (1) serves 
to hold the 
transparent 
Perspex bubble 
trap cover (2) 
over the bubble 
trap’ (4)4* Blood 
enters from the 
femoral artery 
via (3) and 


picks up the 


bubble from 

the air injection 
valve (in 8). The bubble circulates through the loop (5). 

Its passage is recorded by the photo-electric cell (6). 

The impulse thus generated causes the release of a fresh 

bubble while the previous bubble is caught in the trap (4). 

The blood returns to the femoral artery through the outlet 


tube (7). 
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Figure 7. 


Figure 7 shows the entire apparatus assembled as in an 


experiment. Blood from a simulated femoral artery (1) 

is led via a polyethylene tube (2) to the flow meter (4). 
The connection with the Sanborn pressure recorder is 
represented by (5). The case (6) houses the flow meter 
GlEcuit. Blood is returned to the femoral artery via 

a polyethylene tube (3). 

This flow meter has the advantage that it permits 
Simultaneous recording of the arterial blood pressure 
through a simple connection to the pressure recorder as 
illustrated above, The passage of the bubble past the 
photo-electric cell causes a pressure impulse which is 
superimposed on the blood pressure and is recorded on 


the pressure tracing. 
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Calculation of flow. 

The volume of the loop through which the bubble is 
passed was 2.9 mls. 

"t!"" is the interval in seconds between consecutive 
bubbles, as measured by the timing device of the pressure 
recording apparatus. 

The minute flow, F, through the vessel is then: 
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Calculation of resistance. 


The resistance in the hind limb was calculated using 


the following formula: 


R = A-V pressure difference 
minute flow 


resistance in peripheral resistance units (30). 


The dogs used for the bubble flow meter studies 


were sacrificed immediately following the experiment. 
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When endotoxins of Gram-negative bacilli are liberated 
into the bloodstream of man or of an experimental animal, they 
initiate haemodynamic and metabolic changes which may lead 
to death, The high mortality associated with endotoxaemia 
in clinical practice necessitates urgent study of the mode 
of action of endotoxins in order to secure avenues of effective 
treatment, 

Paradoxically the clinical patient is not the most suitable 
subject for the study of endotoxin shock. As pointed out by 
Udhoji and his group (102), observations in a clinical setting 
are subject to diversity owing to the varying periods of 
endotoxaemia as well as differences in treatment prior to study. 
Degenerative vascular disease due to age puts a further bias 
on the circulatory parameters. 

A suitable experimental animal is therefore the logical 
choice for study of the mode of action of endotoxins. The 
dog, with its easy availability, convenient size and physio- 
logical similarity to man, fills this need. Unlike in man, the 
study of endotoxin shock in the dog can begin on the basis 
of a standardized set of circumstances. At the outset of the 
experiment the parameters studied occupy a position near 
a common baseline. 


In spite of the degree of standardization possible in 
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experiments on dogs, however, the disadvantage of a major 
variable factor still remains. This variable is the individual 
dog used as experimental subject. 

The "adult mongrel dogs" used in this study were all 
treated alike as far as possible for two weeks prior to the 
experiment. They were well fed and housed, and their health 
was carefully supervised under the direction of a veterinary 
surgeon, Yet it cannot be said that any more than a broad 
comparison could be drawn between any two dogs used in this 
series, They had a varied background in intermixture of breed, 
sex, weight, age, nutrition and recent or past disease (e.g. 
distemper, parasitic infestation). 

Simeone (31,95) points out that even within a species, 
individual differences exist which may affect the results of 
experiments significantly. According to him 'despite....... 
efforts toward matching pairs of animals for individual 
experiments, physiological differences of apparent survival 
value make their appearance early during the course of 
the experiment," He also states that the time of the year 
at which the experiment is performed is of significance, 
since animals withstand loss of blood and hypotension better 
in winter. Even the time of day at which the experiment is 
carried out may influence the results. 

The individual susceptibility of dogs to endotoxin is 
also pointed out by Cavanagh and his associates (8). 

Another factor modifying the animal's response to endo- 


toxin may be the influence of pre-experiment animal care on the 
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properdin titre of the dog. The concept of properdin 

was introduced by Pillemer in 1954 (19). Properdin is a 
plasma globulin which in the presence of a critical con- 
centration of magnesium ion activates the c3 component of 
complement to lyse extracellular bacteria. This is due to the 
affinity of properdin for certain polysaccharides in bacterial 
cell walls, chiefly of the Gram-negative flora. A low 
properdin titre is associated with a low natural resistance 

to infection, Malnutrition results in a low titre. The 

titre is proportional to the degree of animal care. It is 
quickly restored to normal with sound nutrition and the 
elimination of disease. 

It appears, therefore, that even though the dog is a 
suitable subject for this experiment, shock studies in the 
dog still have certain limitations, These we must accept. 

The disadvantages are balanced, at least in part, by several 
factors, 

If it is apparent that even within a species, such as the 
dog, differences exist between individuals which may influence 
experimental results, it is all the more important to design 
the experiment in a manner which will closely parallel the 
clinical situation, 

With this aim in mind it was therefore decided to administer 
endotoxin to dogs by a slow infusion lasting two hours which 


is probably a closer approximation to the development of 
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endotoxaemia in man than the rapid injection of the same 
dose of endotoxin. This was a departure from the conventional 
methods of study reported in the literature so far. In view 
of the fact that the pathophysiology of endotoxin shock follow- 
ing a rapid injection of endotoxin is well documented, in this 
study only a limited number of dogs were given the rapid 
injection. 

The use of anaesthesia in experimental endotoxin shock 
in dogs is a deviation from the clinical parallel, since the 
patient with this condition is usually awake and unanaesthetized. 
As outlined in the Introduction, it has been argued that 
shock experiments on anaesthetized dogs are of no value, since 
the use of anaesthetic agents alters the reactivity of blood 
vessels, To the animal researcher, however, shock experiments 
on unanaesthetized dogs present considerable difficulty. It 
seemed necessary, therefore, to examine the problem from 
both angles. Thus, both anaesthetized and unanaesthetized 
dogs were subjected to endotoxin shock to evaluate the 
influence of anaesthesia on the experiment. 

The varied methods of treatment used in experimental 
and clinical endotoxin shock were outlined in the Introduction. 
Evidence was presented to the effect that endotoxaemia is 
attended by a marked sympathomimetic response either because 
endotoxin is a sympathomimetic substance itself, or because 
it sensitizes the blood vessels to endogenous sympathomimetic 


agents. The deleterious effects of prolonged, severe vaso- 
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constriction were discussed. In this context reference was 
made to the use of adrenergic blocking agents. It is known 
that dibenzylene pretreatment protects the animal from 

the lethal effects of endotoxin while dibenzylene used after 
shock has ensued no protective effect. It has also been 
reported that a delay is incurred before dibenzylene exerts 
its full sympathetic blockade. Since shock in clinical 
practice is an emergency situation, delay in the onset of 
action of dibenzylene is regrettable. For this reason phentol- 
amine was given in addition to dibenzylene to dogs receiving 
treatment, with the aim of producing rapid adrenergic blockade 
from the outset, while waiting for dibenzylene to develop its 


sustained blockade. No other form of treatment was given. 


The rapid injection v. the slow infusion of endotoxin. 


Sudden, massive endotoxaemia probably does not occur in 
man, Endotoxaemia is more likely to develop gradually, over 
the course of a few hours. For this reason, the universally 
documented method of producing experimental endotoxaemia 
by a rapid injection of endotoxin is unlikely to represent 
faithfully the clinical picture in man. In the following 
figures a comparison is shown between the effects of endotoxin 


administration to dogs by slow infusion and by rapid injection. 


The letter code is interpreted as follows: 


U refers to experiments on unanaesthetized dogs. 
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A refers to experiments on anaesthetized dogs. 
The suffix E represents endotoxin infusion over 2 hours. 


The suffix E(s) represents rapid injection of endotoxin. 


Examples. 


Ag; represents endotoxin infusion in anaesthetized dogs. 
UE (s) represents rapid injection of endotoxin in 


unanaesthetized dogs. 


There is a well-documented difference in the behaviour 
of the blood pressure between man and dog in endotoxaemia. In 
man the blood pressure is said to decline gradually (82,103) 
while in the dog a precipitous fall in the blood pressure is 
observed following endotoxin injection, with partial recovery 
to near-normal levels, followed by a terminal decline (52,53). 
Since endotoxaemia in man is not likely to supervene with the 
suddenness of a massive injection as in the experimental 
animal, the comparison is not entirely valid. Slow infusion 
of endotoxin in this study showed that gradually developing 
endotoxaemia in the dog produces a gradual decline in the 
mean blood pressure, similar to that described in man. While 
the initial sudden drop in pressure is not seen, the decline 
at the end of two hours is virtually identical with that 
produced by rapid injection. (Figs 8 and 9). 

Further it is interesting to observe that marked fall 


in the mean blood pressure occurs during the infusion of 
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fe 


endotoxin at a time when only a fraction of the endotoxin dose 
has been administered, 

The pulse pressure, likewise, exhibits a steady downward 
trend in the slow infusion group which is maintained for a 
while even after the infusion is discontinued, This, isaro 
contrast with the group receiving the rapid injection, in 
which after the initial drastic fall and subsequent fluctu- 
ations the pulse pressure recovers to near normal levels. 
(Figs 10 and 11). 

Both groups show a fall in central venous pressure. Again, 
in the slow infusion group a steady, downward trend is seen 
over five hours, while after the initial fall it fluctuates 
in the rapid injection group. (Figs 12 and 13). 

With only half the endotoxin dose administered (at one 
hour) by slow infusion, the reduction in hind limb venous 
outflow is equivalent to that following rapid injection of the 
full dose. (Fig. 14). 

An interesting observation in the slow infusion group was 
the tendency to diuresis during the second hour of infusion. 
The diuretic response was noted to be considerably more marked 
in the dogs which eventually became survivors. (Fig. 15). 

The mechanism of this diuresis is not entirely clear. It 
is tempting to hypothesize that after initial suppression 
of renal blood flow reactive hyperaemia develops in the kidneys, 
accounting for the increase in the output of urine. 


Gilbert (25) states that after endotoxin, resistance in 
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the renal vessels increases at first, and decreases later. 
In his view, endotoxin probably does not affect renal function 
per se, except indirectly by way of the renal blood flow. 

Another mechanism which may be responsible for the late 
diuresis in the course of endotoxin infusion is a fall in 
the secretion of antidiuretic hormone. 

Another likely explanation is that the diuretic response 
is the direct result of the fluid volume in which the endo- 
toxin was administered, This is an undesirable feature of the 
method of endotoxin infusion used in this study. 

Coincidently with this diuretic response in the second 
hour of endotoxin infusion the pH of the arterial blood is 
seen to rise temporarily after an initial fall. (Fig. 16). 
The excretion of acid radicals during diuresis may explain 
this fact. 

The changes in arterial pH following slow infusion and 
rapid injection of endotoxin are illustrated in figures 16 and 
edn 

The changes in arterial pC0Q 5 are shown in figures 18 and 
19, and those in arterial HCO03 in figures 20 and 21. 

The results quoted above illustrate the mode of action of 
endotoxin on the circulation and on the acid-base balance 
of the dog. 

When endotoxin is administered to the dog, it produces a 


marked vasoconstrictor response, particularly on the hepatic 
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veins and venules and on the intestinal circulation. As a 
result, the venous return is diminished. This results in a 
fall in central venous pressure, The restriction of venous 
outflow from the capillary network increases the filtration 
pressure in the capillaries with resultant loss of fluid from 
the intravascular compartment. This augments the deficit in 
venous return. The central venous pressure thus falls. 

Because of the diminution in venous return the cardiac 
output is reduced, This probably explains the fall in mean 
blood pressure. Tachycardia sets in and the pulse pressure 
falls. The hind limb venous outflow is reduced both as a 
result of peripheral vasoconstriction and the fall in cardiac 
output, 

The reduced perfusion of the tissues results in the 
formation of lactic acid in large quantities. This jeopard- 
izes the pH of the arterial blood. Hyperventilation compen- 
sates for this hazard by the elimination of CO». At the same 
time HCO 3 buffer is used up in an attempt to sustain the pH 
at normal levels. 

The results obtained justify the method of producing 
experimental endotoxaemia by slow infusion of endotoxin over 
two hours. The deterioration in the parameters was steady, 
comparable in extent with, or even exceeding that produced 
by rapid injection. The changes seen with slow infusion, even 
before the full dose has been administered, show that even 
in small doses, endotoxin has a powerful effect on the 


circulation. It may be remembered that Zweifach showed that 
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prolonged infusion of a subthreshold dose of endotoxin in the 
isolated, perfused rabbit ear dramatically enhanced the 
sensitivity of the blood vessels to epinephrine (122). 

The slow infusion is likely a better reproduction of the 
clinical picture. It demonstrates that the blood pressure 
of the dog during the development of endotoxaemia exhibits the 
same gradual decline as the blood pressure of man. 

It may be said that the rapid injection of endotoxin 
can be compared to the throwing of the weights into the pan 
of a measuring scale, Eventually the balance will be found 
but not before initial fluctuations which only serve to 
confuse. In addition it may be argued that the sudden trauma 
of a massive injection produces unnecessary harm which is due 
more to the method of administration than to the endotoxin 
itself. 

The method of infusion of endotoxin used in this study may 
be criticized on the grounds that fluid volume is being 
administered to the dog with the endotoxin, This criticism 
is justified. However, the 250 mls of fluid used to convey 
the endotoxin was considered a reasonable minimum volume 
which could be infused at an even rate over 2 hours, using 
the conventional intravenous giving sets. 

The method of infusion used in this study can be improved 
considerably by suspending the dose of endotoxin in a volume 
of 20-25 ccs. of intravenous fluid and administering this 


volume to the dog in two hours by means of a Harvard pump. 
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This would serve to eliminate the infusion of extra fluid 
volume used as a vehicle for endotoxin, which may have 


alleviated the haemodynamic disturbances in the present study. 


The unanaesthetized v. the anaesthetized dog. 


This phase of the study sought an answer to the question 
whether there is an adverse effect of anaesthesia on the 
parameters measured as compared with the parameters studied 
in unanaesthetized dogs. This was an important question to 
settle, since the experiment on the anaesthetized animal is 
much more convenient and yields more information, while that 
on the unanaesthetized dog provides fewer parameters and is 
beset with frustrations. 

The effect of endotoxin infusion on the mean blood 
pressure in the two groups is illustrated in Figure 8. The 
average reading in both groups was virtually identical at the 
start. The deterioration was equal in the first hour of the 
infusion. Thereafter the blood pressure in the anaesthetized 
group continued to fall, while it remained stable in the un- 
anaesthetized dogs. At 3 hours the difference in the two 
groups was statistically significant at the p = less than 0.05 
level. This would indicate that anaesthesia at that time in 
the experiment enhanced the sympathomimetic effect of endotoxin 
in the anaesthetized group. In the subsequent 2 hours, however, 


some degree of compensation was achieved by this group and the 
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blood pressure rose to a level approximating that in the un- 
anaesthetized animals. At 5 hours there was no statistically 
Significant difference in the mean blood pressure level between 
the two groups. 

There was no significant difference between the two groups 
in pulse pressure (Fig. 10) as a result of endotoxin infusion. 

The central venous pressure ‘Fig. 12) exhibited a more 
profound fall in the unanaesthetized group during the first 
hour of endotoxin infusion. This may have been due to the 
hyperpnoea which was typical of this group during this period. 
After the first hour both groups showed parallel readings. 

The anaesthetized group exhibited a higher arterial pC09 
level and a lower arterial pH at the start of the experiment. 
This is probably due to the hypoventilation in these dogs 
during anaesthesia. At the end of 5 hours pC09 and pH levels 
in the two groups were virtually identical. (Figs 16 and 18). 

The HCO3 levels in the two groups remained closely 
parallel in both anaesthetized and unanaesthetized dogs during 
the five hours of measurement. (Fig. 20). 

Comparison of the parameters in the unanaesthetized and 
anaesthetized endotoxin control groups which received endotoxin 
by rapid injection shows close similarity to the above findings. 
The more profound initial drop in the mean blood pressure 
in the unanaesthetized group is possibly an accentuation of 
hypotension due to dependence of the limbs. 


In this context the recent work of Weil and his group 
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(111) is worthy of mention. Working with rats and mice they 
showed that in shock due to E. coli endotoxin the head-down 
position adversely affected survival. They reason that the 
disadvantages of the head-down position are a delayed return 
of postural reflexes, reduction of effective lung volume by 
pressure of the viscera against the diaphragm, and the risk 
of cerebral oedema. In shock due to endotoxin, where pooling 
of blood occurs in the splanchnic venous bed, distal to con- 
stricted splanchnic venules and veins, it is not likely that 
the assumption of the head-down position will increase vena 
caval return flow. 

Review of the results quoted above would seem to indicate 
that there is no significant difference in the parameters 
studied between unanaesthetized and anaesthetized dogs. 

The difficulties and undesirable features of the 
"unanaesthetized" experiment were outlined earlier. 

The introduction of anaesthesia of short duration for 
the preparation of the dog on the day of the "unanaesthetized" 
experiment was a great improvement. The dogs appeared 
fully recovered from the effects of thiopentone after 60-90 
minutes and were stable when the experiment began. No cannula 
was dislodged by accident and no experiment was forfeited. 

The urinary catheter - most difficult to protect during the 
overnight preparation - was safe. 

However, even with the improved method of preparation 


for the "unanaesthetized" experiment, it is still inferior to 
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the experiment conducted under anaesthesia. The "anaesthetized" 
experiment is much easier to perform. Under anaesthesia the 
dogs are stable, and not influenced by the environment. In 

the anaesthetized dog a larger number of parameters can be 
measured and it may be assumed that all the changes observed 
are due to the measured insult to which the animal is subjected. 
Moreover, there is no wastage of dogs through accidental 
hazards. 

Another advantage of the "anaesthetized'' experiment is 
that at its conclusion the cannulae may be removed and the 
vessels tied. The dog returns to the Vivarium with clean, 
closed surgical wounds. At the conclusion of the "unanaesthet- 
ized'' experiment the best that can be done is to tie a knot 
in the polyethylene cannula close to the skin and cut the tubing 
just distal to the knot. Such an arrangement invites the 
spread of infection into the depth of the wound. Moreover, 
the dog may succeed in pulling out the cannula, with resultant 
bleeding. All these factors may adversely affect survival 
and will prejudice the true effect of endotoxin on this 
parameter, 

Consideration of the facts discussed above leads to the 
conclusion that there is no advantage in the study of endotoxin 
shock in the unanaesthetized dog. Anaesthesia affords a 
more elegant experiment with more information and should be 


used in preference. 
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Treatment controls. 


Four dogs in both the anaesthetized and unanaesthetized 
groups were given treatment (i.e. phentolamine and dibenzylene) 
alone. All of these dogs survived. 

The pulse pressure in the anaesthetized group showed a 
marked, but transient widening in the first 2 hours. (Fig. 22). 
This was found to be due to lowering of the diastolic pressure 
in these dogs. This may be an indication of the success of 
adrenergic blockade. After 2 hours the pulse pressure fell to 
below pre-experiment levels. The pulse pressure in the un- 
anaesthetized group was hardly affected at all. At 1 hour 
the difference between the two groups is statistically signif- 
icant at the p = less than 0.05 level. The difference demonstrated 
between the two groups may be due to the ability of the un- 
anaesthetized dog to compensate for the disturbance in vaso- 
constrictor tone caused by the adrenergic blocking agents. 

The hind limb venous outflow in the anaesthetized treatment 
control dogs showed a marked increase in the first hour, after 
which, though it exhibited a fall, it stayed at above pre- 
experiment levels during the next three hours. (Fig. 14). 

The cardiac stimulant action of phentolamine, in association 
with the increased flow which one would expect from adrenergic 
blockade, probably accounts for this change. 

The mean blood pressure (Fig. 23), central venous pressure 
(Fig. 24), arterial pH (Fig. 25), arterial pCO2 (Fig. 26) and 


arterial HCO3 (Fig. 27) showed no significant change as a 


 bedaxgenomeb sonotettib off Level 20,0 asia easel = qs 38 


- Gy tet i " 


bosizodseosnany bas bes }iaddeanse orld dod ak agob apr be | 
(ens lysnedLb it  sebeaiteanedg .9.4) tnemiso23 noviy 9 | | dais 
.bevivawe egob seers io | 

5 bawode quow; bestterisessns oft at omwaaeng 

SS .3f%) .expor & text? sla at guinobiw Seah eeedees 
siueesty atfotestb es to gnizowol o3 sub ed of ba 


to eesooue sft to molasotbai as sd aidat 
o3 [lei srusestg oeluq oid axvod $ 19d2A of so: : 
-~cu of3 mz siuseetq sefug edT 86. afovel jnomd 2c 
xvod {| 3A .Sis 38 betostis yibrad abw quozg 
-timgie yfisekseiisse ak aquotg ows orld noouded 


-ou oct to ytiltids snd 03 sub od ‘year aquo7g owt | wa 

-o2sv ak somedrujakb oft sot stsenoqmoa of =e : york: 

etm9g8 gnfdoold oigtenmeibs offs ud beeuso ¢ : 
Snonses73 bosiseddeesas a3 ak woltduo evonev ei A ott 

tegis ,.vor Jealt sd ak sasezoni booltem 8 ‘baworla sob eae | 

-stq sveds 38 boyise Jt [ist & botididze 3 ag do . 

.(! .g9) .exwod souls txom of3 gaitub elsvel 

solsstooaas mt ,smimelotneiq to moljos : 

oigzuonstbs mort Josqze biuow tore: 

-— ggnarla atts x08 at 


Supeaseg. iad ene eee prses 


mmHg 


PRESSURE 


PULSE 


Figure 22. 


PULSE PRESSURE 


TREATMENT CONTROLS 


Unanaesthetized: Uy, 
Anaesthetized: Ar 


Phentolamine 


Ar Dibenzylene 
— 


A A U, 
U 


LN Retnehts Seunnrs 


Phentolamine 


Ur Dibenzylene 
—_——— 


15 45 15 30 45 


ORs re 2 3 4 5 


TIME IN HOURS 


100. 


MEAN BLOOD PRESSURE 


NTROLS 


Unanaesthetized: U, 
Ar 


mmHg. 


B.P. 


MEAN 


180 


60 


50 


TREATMENT 


Figure 23. 


co 


Anaesthetized: 


net Phentolamine 


pay Di benzylene 


ot tan Dibenzylene 


IN 


2 
HOURS 


Le Es 


cs sig lt 


PRESSURE cms. H20 


VENOUS 


CENTRAL 


102. 


Figure 24, 


CENTRAL VENOUS 
i PRESSURE 


Sa TREATMENT CONTROLS 
14 
13 Lo Phentolamine 


A Dibenzylene 


12 
1 
10 
9 
8 
7 
6 | Phentolamine 
rol fc, sa Dibenzylene 
5 
Unanaesthetized: Uy, 
4 Anaesthetized : Ar 
3 Doses: 
2 PHENTOLAMINE: 10mg. in 10 m. 
DIBENZYLENE: .5 mg./kg. 
in Ave. 37 ml. 


0 | 
Ces meet (99. 2 3 4 5 


TIME IN HOURS 


caer ae.) 


103. 


Figure 25, 
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Figure 26. 
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result of adrenergic blockade in the normal dog. 


Changes in parameters with treatment after endotoxin. 


Treatment consisted of the simultaneous infusion of 
phentolamine and phenoxybenzamine. The former was infused 
over an average 90 minutes and the latter over a period of 
45 minutes, 

In the endotoxin control group (Ag) 5 dogs survived out 
of 15 while in the treated group (Apr) 9 dogs out of 15 survived. 

The use of adrenergic blocking agents during the phase of 
compensatory vasoconstriction in shock has a logical basis, 
as is evident from the discussion in Chapter I. In addition 
to facts presented in the earlier discussion, the concept 
of "critical closing pressure'' merits consideration here. 

The critical closing pressure is that level of intraluminal 
pressure at which abrupt closure of the vessel lumen occurs. 
Its magnitude is determined by the amount of active tension 
of smooth muscle in the vessel wall, relative to the pressure 
within the lumen. Critical closing pressures rise to above 
normal values in cases of high vasomotor tone. Thus, in 
severe shock, when the intraluminal pressure is low, the 
active tension in the blood vessel wall may be sufficient to 
effect closure of the lumen. In regions where vasomotor 

tone is especially dominant large areas of circulation may be 
cut off in this manner. Tissue ischaemia and acidosis 


complicate this development. Once the vessels are closed, to 


shovivra @£ 20 suo egob @ (pyA) quoag betasz3 ont 


%6 notevink avoomadiumte oa to botekanoo If | 


soautak ssw senses sdT sortimastedcaoaaig bas & 
<0 bolkieg' Waive edges axis baa eovuetiat Oe Ba 


suo bevivrwe agob @ (gA) quoxg Loxdmoo £ 2030b 


Zo sendy odd gnirub etmoge gatdoold otgtens1bs to 
tasd (solgolt s ead oloore alk rokaotsden0s08sy @ 
nokithbbs al .1 ‘edged ak sokeeuoetb ed3 monk 3 
synonoo od ,mobaavoeth tative odg ab be: 
oxo notitaxobkanco atdixzsm "oxrvaeotq gntgolfo . 
Isntertsxtak to Iovel tara ak saveasstq gateoto | S : 
.etroso somul Loagev sd3 to sxusola tquids dol i 
noiasad gvi3os to savoms odd yd benterrstsb ek | : 
oivessta Soa ot ovittalor ,ifisw fleeeev ads ak si mt 
syods ot seks sotuaaotq gateolo Isckaizd +08 
<\ ,am? .9n03 xosomoesy dgid 320 eaesa ak 
oid ,wol ef oxueeorq Ienimulerink odd & 
of suskokRive od yom Liew Loaaev boold oi a 
<osoneasy axeriw — ale at oe 


od vam 1OFds: 


b ‘ : 2 to 


oa ee 
o2 ,bosota S 


IG}, 


open them again pressures well in excess of the critical clos- 
ing pressure are required. The reason for this is that with 
the vessel closed the mechanical advantage of the tension 
in the wall is at its maximum and it has to be overcome 
before the critical opening pressure is reached. 

Exactly when during the development of severe shock 
critical closure of vessels occurs is not clear. There can 
be no doubt, however, that among the "many dry river beds" 
in the microcirculation, of which Fine spoke (19), many 
were arterioles that had undergone "critical closure". 

Protection of the terminal vascular bed from excessive 
vasoconstriction in shock thus seems an urgent task. Di- 
benzylene is known to produce lasting adrenergic blockade, 
but a delay is incurred before its action is fully developed. 
This delay is added to the inevitable delay occasioned by the 
time taken for the perception of symptoms and signs and 
institution of treatment. If vasoconstriction could be 
abolished rapidly as soon as the condition is recognized, 
significant volumes of blood destined for pooling in the 
viscera may be salvaged. "Critical closure" of the arterioles 
would be prevented, thus maintaining the vis a tergo necessary 
for movement of blood in the capillaries and veins. At the 
same time it would safeguard the capillary bed from the strangle- 
hold of capacitance vessel tone on the exit channels. 

With the amelioration of the derangement in blood vessel 


tone the ischaemia and acidosis could be reversed, 
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The mean blood pressure in treated dogs is represented 
in Figure 28. At 3 hours the difference in pressure between 
survivors and non-survivors is statistically significant at 
the p = less than 0.05 level. 

The pulse pressure showed a temporary increase in both 
groups. (Fig. 29). The lowering of diastolic pressure with 
adrenergic blockade is the likely explanation of this fact. 

The hind limb venous outflow rose temporarily in both 
survivors and non-survivors in the first hour. (Fig. 30). 
Thereafter, in the non-survivors it fell to low levels. 

The central venous pressure was not influenced by 
tregtiment.. (Fig.s31). 

The arterial pH showed marked divergence in survivors and 
non-survivors. (Fig. 32). In the former it showed a rise, 
while in the latter it exhibited a precipitous fall. At 3 hours 
the difference between the two groups is significant at the 
p = less than 0.01 level. 

It is possible, however, that the demise of the non- 
survivors was accelerated by improvement of flow as a result 
of adrenergic blockade. If, with the opening up of the 
microcirculation, large volumes of stagnant blood, with high 
lactic acid content, are liberated, the pH of the blood will 
fall. At this stage the buffer reserves are low and may not 
be sufficient to correct the sudden acidosis. The arrival 
of acid radicals on the arterial side of the circulation will 


produce vasodilation in the arterioles. Vis a tergo is lost 
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Figure 29. 
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and stagnation again occurs. This results in more acidosis 
and the dog succumbs. 

The arterial HCO 4 levels in survivors and non-survivors 
are illustrated in Figure 33. 

The results obtained by the combination of phentolamine 
and dibenzylene, in the absence of other measures, are not 
encouraging. It was hoped that the use of the rapidly acting 
adrenergic blocking agent would abolish the vasoconstrictor 
effect of endotoxin without delay and prevent pooling in the 
microcirculation, In the meantime, dibenzylene blockade would 
develop and during its long-lasting effect afford continued 
peotection for the microcirculation. In 9 dogs out ofeis 
this regime in fact worked very well. In the remaining 6 
dogs, however, marked deterioration was evident from the time 
treatment was instituted. It is possible that in these dogs 
deterioration was either directly caused or accelerated by 


the treatment given. 
Flow-meter studies. 


Use of the bubble flow meter, as described in Chapter IT, 
required heparinization of the dog in order to eliminate 
clotting problems. The dose of heparin used (2 mg./Kg.) 
produced a marked bleeding tendency in some of the dogs. 
Bleeding was seen even from non-traumatized regions, the 
nostrils and the gingivae in particular. Dogs that bled 


excessively had to be disqualified as experimental subjects, 
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The need for heparinization precluded the study of flow 
after endotoxin, since heparin pretreatment has been reported 
to protect the dog significantly from the effects of endotoxin. 

An interesting observation forthcoming from the flow 
studies was the profound hypotension produced by phentolamine 
and phenoxybenzamine, both individually and combined, in the 
presence of heparin, This observation is in marked contrast 
with the findings of the standard treatment control experiments 
in which no significant change in the blood pressure was 
observed. Nor could the hypotension be accounted for by 
haemorrhage, since it was also present in dogs that had not 
bled excessively externally, nor had evidence of internal 
haemorrhage at autopsy. 

In view of the severe hypotension produced by phentolamine 
and phenoxybenzamine in the presence of heparin, no conclusions 
can be drawn regarding the influence of these drugs on flow. 

It is worthy of note, however, that when saline was infused 
after the administration of adrenergic blocking agents, mean 
blood pressure, pulse pressure, femoral artery flow and hind 
limb venous flow all showed marked, but temporary improvement. 

These studies are illustrated by the figures below. 


(Figs. 34, 35, 36, 37, 38). 
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During the last fifty years, we have seen spectacular 
advances in the field of medicine. Yet in the same half- 
century we have not succeeded in reducing the high mortality 
from endotoxin shock. The increasing frequency with which 
this condition is being recognized in both surgical and 
medical practice, and the high mortality rate despite all 
our efforts to save these patients, place endotoxin shock 
high on the list of clinical problems to which a therapeutic 
answer must urgently be found. 

The complex pathophysiological changes initiated 
by bacterial endotoxins have given rise to widely divergent 
interpretations of the pathogenesis of endotoxin shock, and 
many different methods of treatment, none of them wholly 
effective, have been suggested. 

One of the basic difficulties confronting the clinician 
in this context is the fact that the human patient is not the 
most suitable subject for the study of the pathophysiology 
of endotoxin shock. A standardized study is possible only 
on the experimental animal. In animal studies, however, 
while we must accept the species difference, the experiment 
must be designed in a manner which will parallel the clinical 
situation. 

The use of anaesthesia in experimental endotoxin shock 


is a deviation from the clinical parallel, since the human 
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patient is usually unanaesthetized. It has also been 
argued that anaesthetic agents alter the reactivity of blood 
vessels and thus may prejudice vascular responses to endotoxin. 
For this reason, experiments were conducted on both anaesthetized 
and unanaesthetized dogs. There was no significant difference 
in the results obtained in the two groups. Moreover, 
experiments on unanaesthetized dogs were found to present 
difficulties which limited the value of the observations made. 
Experiments conducted under anaesthesia were easier to perform 
and yielded more information. It is concluded that there 
is no advantage in the study of endotoxin shock in the 
unanaesthetized animal. 

In all reports of endotoxin shock experiments in the 
literature so far, endotoxin was administered to animals 
by rapid injection of a single, massive dose. This method 
of endotoxin administration does not represent the development 
of endotoxaemia in man, since invasion of the bloodstream 
by endotoxin probably occurs over the course of a few hours. 
To achieve closer similarity to the clinical picture, in 
this study endotoxin was infused into dogs over a two hour 
period and the results were compared with those of a 
rapid injection. The slow infusion produced a steadily 
progressive deterioration in the parameters studied. In 
contrast with reports published so far it proves that the 
blood pressure of the dog in endotoxaemia behaves in the same 
manner as the blood pressure of man, The rapid injection 


of endotoxin, on the other hand, produced wide fluctuations 
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in the parameters which were confusing and more likely due 

to the method of administration than to the endotoxin itself. 
The conclusion is drawn, therefore, that in future studies 

in the dog more reliable results will be obtained by the slow 
infusion of endotoxin in a minimum fluid volume over a period 
of at least two hours. 

There is a logical basis for the use of adrenergic 
blocking agents in endotoxin shock. The slow onset of action 
of dibenzylene, however, is a handicap in an emergency 
Situation such as shock. For this reason, phentolamine was 
given in addition to produce rapid adrenergic blockade from 
the start of treatment, while waiting for dibenzylene to 
develop its sustained blockade. The results indicate that 
adrenergic blockade, in the absence of other treatment 
measures, gives no promise of success. While it produced 
improvement in some dogs, in others it may have accelerated 
the fatal outcome. The precept of "primum noli nocere" is 
not supported by this form of treatment. It would seem 
worthwhile, however, to combine adrenergic blockade, as 
used in this study, with volume replacement to compensate 
for the increase in vascular space mediated by sympathetic 
blocking action. 

Traditions die slowly. The treatment of shock in 
clinical practice today is still much influenced by tradition. 
With the increasing understanding of the pathophysiological 


changes initiated by endotoxins, however, newer concepts of 
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treatment are evolving, which shift the clinician's interest 
from preoccupation with the blood pressure alone to 
consideration of the circulation a& a whole. On this sound 
basis an effective answer to endotoxin shock will surely be 


found. 
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